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Preface 


The purpose of this book is to outline in a simple and readable manner 
the essentials of the chemistry and the biochemistry of amino acids and 
proteins. We have attempted to present a clear and accurate picture of 
this difficult subject and have refrained, so far as possible, from becoming 
too deeply involved in the theoretical and argumentative aspects of the 
various hypotheses dealing with the chemical structure of proteins, of the 
relation of proteins to immunological reactions, of theories of denaturation 
and detoxication, as well as of certain thermodynamic considerations. 
Those who desire more detailed information on these phases of the problem 
should consult the larger treatises and the references cited. 

An account of the discovery of the amino acids is briefly given. The 
story is interesting, stimulating, and revealing. Those investigators of the 
past who delved into the mysteries of the protein molecule and investi- 
gated the isolation and the chemical structure of the components of pro- 
teins have unearthed untold treasures. They freely gave us the benefit of 
their knowledge and experience. To the best of their ability, they described 
clearly the results of their investigations. Thus, they have laid open a wide 
and rich vista. This is our heritage. We must contribute to its future 
progress. 

Every student of the biological sciences must have a basic knowledge of 
the chemistry and behavior of the proteins and amino acids. No diet is 
complete without proteins or their constituent amino acids. In fact, we 
can safely state that all living matter contains proteins and hence, in one 
sense, life is dependent on this particular form of nitrogen. 

There is now great interest in proteins and amino acids. It is gaining 
momentum both in industry and in medicine. We must, therefore, present 
simply and concisely the published facts as we know them. It is possible 
‘that amino acids other than those listed and discussed in this book may 
commonly occur as constituents of protein molecules. Indeed, isolation of 
other amino acids from the hydrolyzates of particular proteins has been 
reported, and the presence of still others is suspected. Rigorous proof is 
lacking, however. 

Those of us who are studying and investigating the chemistry of proteins 
and amino acids hope for better methods of isolation, for less costly and 
less complicated methods of synthesis, for more accurate methods of 
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determination, for a clearer concept of the metabolism and function of the 
amino acids, and for a better understanding of their nutritional significance. 
The elucidation of these and other aspects of the problem awaits further 
development. In war or in peace, science marches on. 


MELVILLE SAHYUN 
Detroit, Michigan 
June, 1944 
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Foreword 


Although Wollaston, in 1810, isolated cystine from a urinary calculus 
and Proust in 1819 obtained impure leucine from fermented wheat gluten, 
it was not until 1820 that Braconnot obtained glycine from the acid hydrol- 
yzate of gelatin. This marks the beginning of modern protein chemistry. 
With the exception of cysteine and the questionable beta-hydroxyglutamic 
acid, a total of 21 amino acids have been isolated from proteins and their 
chemical structures proved by syntheses. The occurrence in proteins of 
several other amino acids has been reported, but the evidence is as yet not 
sufficiently conclusive to warrant general acceptance. There is reason to 
believe that amino acids other than those that are now considered as 
accepted may occur in some proteins. However, clear-cut demonstrations 
have not yet been made. It is important that this subject be extensively 
explored. 

It is now quite firmly established that the amino acids constitute the 
building stones of proteins. A prerequisite to the elucidation of the struc- 
ture of proteins is a knowledge of their content of amino acids. In most 
cases complete data are lacking. Systematic studies along these lines should 
be made. A handicap to such work is shortcomings in some of the methods 
for estimating the amino-acid content of proteins. Some of the reported 
data are not reliable, because of impurity and non-homomolecularity of the 
preparations subjected to analysis. There is still no generally accepted 
view as to the details of protein structure. The peptide bond as the mode 
of linkage between the amino-acid residues seems to be firmly established. 
Ultimately it is necessary that protein molecules be represented by struc- 
tural formulas. At present, this time appears to be very distant. 

It should not be inferred from the above that tremendous advances 
have not been made in our knowledge of the chemistry and behavior of 
proteins. The now classical experiments of Hardy on the influence of pH 
on the path of migration of protein molecules when subjected to the action 
‘of a direct current marks one of the early milestones in the application of 
physical chemistry to this subject. The amphoteric nature and the 
zwitterionic structure of amino acids and proteins are now definitely proved 
and accepted. The seat of acid- and base-combining capacity of proteins 
has been elucidated, although from a stoichiometric standpoint further 
work needs to be done to make the data quantitative. The molecular 
weights of many of the proteins in various solvents have been determined 
with a fair degree of certainty. These data have shed important light on 
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the state of aggregation or micellation of some proteins. Thermodynamic 
data, especially those relating to amino acids, have done much toward 
establishing a firm foundation upon which to build our concepts of the 
behavior of these compounds both in the solid state and when present in 
solution. X-ray studies of proteins have led to important deductions re- 
garding the stretching of protein fibers as well as supplying information on 
the basis of which deductions as to protein structure can be made. Elec- 
trophoresis has proved a powerful tool in showing that many of the pro- 
teins that at one time were regarded as chemical entities are really mixtures 
of one or more closely related proteins. In other cases this technique has 
added further evidence of homomolecularity. It is probably not too bold 
to state that the physical chemical and thermodynamic characterization 
of amino acids and proteins has eclipsed all other phases of protein chemis- 
try, especially the organic, although in this connection the new methods 
that have been developed for synthesizing peptides should not be minimized. 

Crystallization of many of the enzymes has been achieved. The present 
evidence indicates that enzymes are proteins or contain a protein as a 
component. Much has been done to explain the mode of action of enzymes, 
especially those containing prosthetic groups (coenzymes). However, 
there is still no adequate explanation of the specificity of enzymic action, 
particularly of those that participate in hydrolytic reactions, or even a 
proper concept as to how such enzymes function as catalysts. For example, 
it is not known why pepsin cannot hydrolyze proteins to amino acids. 
Data on this subject are accumulating slowly, but much work remains to 
be carried out before the fundamental questions can be answered satis- 
factorily. The overall action of those hormones that are proteins is known, 
but knowledge regarding the chemical mechanism whereby these com- 
pounds produce their effects is lacking. A most fascinating field of endeavor 
has concerned itself with the chemistry of the filtrable viruses. The fact 
that these substances are nucleoproteins and that they can, when placed 
on a suitable substrate, reproduce their kind affords a new viewpoint as to 
the importance of protein in life processes. It is not altogether wishful 
thinking to hope that eventually information regarding the genes may be 
brought to light. 

Important advances have been made to our knowledge of the nutritional 
requirements of amino acids by different animals. This has paved the way 
for studies dealing with differences in metabolism of various species- 
Comparative biochemistry offers a rich field for future studies. With the 
discovery and availability of isotopes, both radioactive and non-radioactive, 
a most powerful tool for metabolic studies has been provided. In many 
instances it 1s now possible to tag molecules and thus follow the fate of 
the constituent atoms in the body. Studies on isotopic amino acids have 
shown that proteins are extremely labile structures. The components of 
proteins are continually disappearing, reappearing, and changing into one 
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another. The terms endogenous and exogenous metabolism no longer have 
the significance that they once did. 

The relation of proteins to immunity has long been known. The speci- 
ficity of immunological reactions depends on the chemical makeup of the 
components that participate. The immune bodies are protein in nature. 
There are indications that important advances relating to the chemistry 
of immune bodies may be expected in the not too distant future. It is no 
idle wish to hope that the day may come, as it already has in the case of 
many of the vitamins, that we may not altogether have to depend upon 
biological sources for our supplies of such important and indispensable 
products as the enzymes, hormones, and immune bodies, but that it will 
be possible to synthesize them in the laboratory. 

Not a few of the present-day workers remember the time when many of 
the amino acids were a rarity. Others were still unknown. The state of 
purity was often questionable. Much of this picture is now of historic 
interest. The large-scale production for flavoring purposes of monosodium 
glutamate from wheat gluten in the Orient was the first instance of the 
industrial use of an amino acid. This product is now being obtained in 
large quantities in the United States from Steffen’s sugar waste. The 
medical profession has come to recognize that intravenous administration 
of amino acids has a logical place in certain types of therapy. Large-scale 
production of amino-acid solutions has supplied this demand. It is alto- 
gether likely that specific uses will be found for many of the amino acids. 
All this will make it possible for the laboratory worker to study with greater 
ease many more of the interesting properties of these compounds. The 
day has almost passed when it was necessary to go through the tedious 
and laborious procedure of isolating from a protein the particular amino 
acid upon which studies wefe to be carried out. 

In recent years several comprehensive texts dealing with the chemistry 
of the amino acids, peptides, and proteins have appeared. They have 
been written primarily for the use of individuals who possess an adequate 
background for understanding the subject. An elementary text that will 
serve as an introduction to this field is lacking. The present book is an 
attempt to fill this gap, at least in part. It does not aim to cover all phases 
of the subject nor does it attempt to treat any subject exhaustively. On 
the basis of such information as the textoes supply, the reader should 
find it easier to widen his knowledge of amino acids and proteins by subse- 
quently studying the larger texts and eventually, as he should always do, 
by consulting the original articles to which reference has been made. 


Caru L. A. SCHMIDT 
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Chapter I 


Discovery of the Amino Acids 


MELVILLE SAHYUN 


The Research Laboratories, Frederick Stearns & Company, Detroit, Michigan 


Born in Saint-André, Normandy, 
in 1763; died in 1829; discovered 
chromium and confirmed the dis- 
covery of lithium. Also the discov- 
erer of cyanic acid, benzoic acid in 
the urine of herbivora and acetic 
acid in wood distillate; with Robi- 
quet he isolated asparagine. His 
work had a great influence on the 
entire field of chemistry. 





Louis Nicolas Vauquelin 
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Cystine was the first amino acid to be discovered, but ninety-five long 
years of research were necessary to determine definitely its origin and con- 
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stitution. Probably no other amino acid has attracted so much attention 
and created so much interest. . 

The discovery of cystine was not related to a search for its presence 1n 
protein hydrolyzates. In 1810, Wollaston 1” isolated a crystalline sub- 
stance from a urinary calculus and termed it ‘‘cystic oxide.” He obtained 
it as hexagonal plates by dissolving the calculus in an alkali and acidifying 
the solution with acetic acid. -Although he burned a sample and noted the 
unpleasant characteristic odor, he failed to identify the presence of sulfur. 
In 1832, Berzelius™ acknowledged Wollaston’s discovery, but pointed out 
that the term ‘‘cystic oxide’? was not appropriate for this organic com- 
pound. He changed the name to cystine. 

In 1837, Baudrimont and Malaguti’ showed that cystine contained sul- 
fur. Liebig % became interested in this subject and confirmed their findings. 
Years of intensive research followed the earlier investigations on cystine, 
and yet this elusive amino acid was not related to the acid hydrolyzates of 
protein. As a matter of interest, it may be pointed out that up to 1873 
sulfuric had been the acid of choice for the hydrolysis of proteins. Sulfuric 
acid was then removed as its calcium salt and the insoluble calcium sulfate 
was discarded. It was, therefore, probable that cystine was lost in the 
precipitate. Later when hydrochloric acid was employed, investigators - 
resorted to the addition of stannous chloride in order to reduce the forma- 
tion of humin during the acid hydrolysis of proteins. In the light of present 
knowledge, one can readily see how cystine eluded investigators by this 
procedure, as it was reduced in large part to the more soluble amino acid, 
cysteine. 

It was not until 1899 that Morner ! reported before the Swedish Acad- 
emy his findings of cystine in the acid hydrolyzate of horn. Almost simul- 
taneously, Embden,’* ignorant of Mérner’s discovery, hydrolyzed horn 
with concentrated hydrochloric acid and isolated cystine. 

The identity and constitution of this simple, elusive compound were by 
no means settled. The position of the thiol group in relation to the amino 
group in the molecule was a subject of controversy. At the time of Mérner’s 
discovery, both the amino and the thiol groups were believed to be linked 
to the carbon atom in the alpha position. The brilliant investigations of 
Neuberg !° and of Friedmann & helped considerably to clarify the situation 
and establish the position of the amino group in the alpha position and that 
of the thiol group in the beta position. In 1905, the chemical formula of 
cystine was well established and its accuracy was confirmed by Erlen- 
meyer, Jr.,“ who synthesized cystine from benzoyl serine. = 4 

However, the old controversy persisted as to whether or not the cystine 
obtained from protein hydrolyzates was identical with that cystine present 
es Mig Fischer and Suzuki ° settled the argument by demon- 

g that the points of difference between protein and urinary cystine 
were due to the presence of tyrosine in the latter. 
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LEUCINE 


O 
U % 


HCH CH(NH:)—COOH 
O CH; 


Leucine in its purest form consists of beautiful, very thin, white lustrous 
crystals. In 1819, Proust discovered it accidentally while carrying out . 
some fermentation experiments in connection with the flavor of different 
types of cheese. He first investigated gluten; later, he used milk curds and 
obtained from both proteins a white crystalline substance which he termed 
‘acide caseique.”’ The leucine of Proust, as well as that of most investi- 
gators of the nineteenth century, was a white powdery substance, and 
microscopically consisted of nodules or balls of needles (probable indica- 
tion of tyrosine contamination). It is doubtful that Proust obtained a pure 
product. Almost a year after he had announced his discovery, Braconnot ?° 
obtained leucine from the acid hydrolyzates of muscle and wool, and it 
was he who gave it the name leucine. Like most other investigators in 
those early years of pioneering in the field of protein chemistry, Bracon- 
not had neither accurate methods of analysis nor adequate laboratory 
facilities. 

Mulder, who originated the term protein, became interested in leucine. 
In 1839, he obtained it from the alkaline hydrolyzates of muscle and wool. 
He went a little further in his analysis than Braconnot had done, and noted 
its solubility in water and recorded its melting point. Mulder’s leucine 
was considerably purer than that of his contemporaries, and it is believed 
that he alone of the early investigators had isolated it in almost pure form. 
In 1902, Habermann and Ehrenfeld ® described a method of separating 
leucine from tyrosine, the basis of which was a difference in the respective 
solubilities of the two amino acids in glacial acetic acid. 

The first correct formula for leucine, CesHi3NO2, was published in 1848 
by Laurent and Gerhardt.*? However, the structure of this amino acid 
as well as of the other four that had then been isolated, was still unknown. 
rs of research followed the early investigations on this amino 
acid, was not until 1891 that the structural formula of leucine was 
established by Schulze and Likiernik "° and natural leucine was shown to 
be identical with the synthetic product. 

Synthesis of leucine was accomplished by Erlenmeyer, Jr., and Kunlin,* 
Fischer and Schmitz, and Bouveault and Locquin.’ Fischer and War- 
burg ®* resolved the racemic leucine into its components. 
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GLYCINE 


CH.(NH2)—COOH 





During the early part of the nineteenth century, the problem of sugar 
production from vegetable matters other than cane-sugar reigned supreme 
among scientists of continental Europe. It was only natural that eminent 
chemists like Braconnot !* should have attempted to find out if sugar could 
be produced, not only from vegetables, but from animal sources. Previous 
to his discovery of glycine, Braconnot had demonstrated that sugar could 
be obtained from the acid hydrolyzates of wood, bark, straw and hemp. 
In 1820, he investigated the degradation products of animal matter. He 
boiled gelatin in sulfuric acid for five hours and neutralized his acid hydroly- 
zate with calcium carbonate. He then removed the insoluble calcium 
sulfate, concentrated the filtrate to a sirup and permitted it to stand. A 
month later, there were beautiful white crystals adhering to the walls of the 
container. Braconnot recovered the sweet-tasting crystals which he termed 
“sucre de gélatine”’ — gelatin sugar. To the best of our knowledge, this 
was indeed the first instance in which a pure amino acid was obtained from 
the acid hydrolyzate of proteins. Unfortunately, Braconnot was not a 
very thorough investigator, for other than observing some of the physical 
characteristics of this amino acid and noting that it was more easily 
crystallized than cane sugar, he made no further chemical studies. He 
did not even observe that it contained nitrogen. 

In 1838 Mulder,!” the energetic chemist, became interested in this amino 
acid and showed that gelatin sugar and leucine could be obtained by the 
hydrolysis of gelatin with potassium hydroxide. His early studies on the 
chemistry of this simple amino acid aroused a good deal of sharp criticism 
from French scientists. In 1845, Dessaignes *° successfully isolated glycine 
from the cleavage products of hippuric acid and gave it an accurate formula, 
but admitted that he did not have conclusive evidence. 

In 1846, Horsford ™ from Liebig’s laboratory, Laurent,’® and Mulder 
reported accurately on the chemical composition of this amino acid. 
Probably at the instigation of Liebig, Horsford applied the term ‘“ glycocoll”’ 
in place of ‘‘sucre de gélatine.”’ Two years later, Berzelius, one of the most 
eminent organic chemists of his day, named it glycine. 
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In 1857, Cahours : !8 elucidated the structural formula of glycine and 
in 1858 he published his synthesis, the principle of which consisted of 
treating monochloroacetic acid with ammonia. A year later Perkin and 
Duppa "* confirmed Cahours’ findings and prepared glycine by treating 
monobromoacetic acid with ammonia. 


>] ASPARTIC AcID ASPARAGINE 
> COOH CO(NH:) 


cr He ; 
CH(NH:) by (NH2) 
COOH COOH 





e 
In 1806, two French chemists, Vauquelin and Robiquet,® isolated a 
crystalline substance, which they termed asparagine, from the juice of 
asparagus. They were unable to determine its chemical composition. 
Later, they observed that these crystals were of two types. In their meager 
report, it was stated that the crystalline substance yielded no ash and 
probably consisted of carbon, hydrogen, oxygen, and possibly nitrogen. 

In 1827, Plisson *' repeated an experiment which Bacon? had performed 
the year before on the root of the marshmallow, and from which he had 
obtained a crystalline substance, which in his opinion was a salt of malic 
acid. Plisson reported that Bacon’s compound was neither a salt nor an 
acid but a compound having the properties of asparagine. He treated an 
aqueous solution of this substance with lead acetate and removed the lead 
with hydrogen sulfide. From the mother liquor he obtained white, shining 
crystals that were but slightly soluble in cold water, but were very soluble 
in hot water. To this crystalline substance, Plisson gave the name of 
aspartic acid. 

In 1833, Pelouze “” investigated the chemical nature of aspartic acid 
and communicated his findings to Liebig,** who immediately became inter- 
ested in the problem. Liebig spent several years studying the chemistry of 
the conversion of asparagine to aspartic acid. In 1838, he hydrolyzed 
asparagine with potassium hydroxide, crystallized the aspartic acid so 
formed and reported an accurate empirical formula. 

The elucidation of the structural formula of aspartic acid was conducted 
by Piria ™® at the University of Pisa. His results were not very conclusive, 
but as an outcome of his investigations he brought to light some very valu- 
able findings. He showed that when asparagine was boiled with hydro- 
chloric or with free nitric acid it was converted to aspartic acid. Further- 
more, both asparagine and aspartic acid lost their nitrogen (deaminized) 
when treated with nitrous acid. This indeed was the first mention in the 
literature of the effect of nitrous acid on deamination. 


. 
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Following Piria’s publication, Dessaignes 7° succeeded in synthesizing 
aspartic acid. However, neither his nor Engel’s synthesis helped to eluci- 
date its chemical structure. This was accomplished by Piutti ° in 1887. 

Aspartic acid was not associated with the products of acid hydrolysis of 
proteins until 1868, when Ritthausen !”’ succeeded in isolating it along with 
glutamic acid. His procedure was based on Scheele’s method. (In 1785, 
Scheele had applied it to the isolation of malic acid.) After separating the 
insoluble tyrosine and leucine from the acid hydrolyzate of proteins, Ritt* 
hausen allowed the mother liquor to stand over sulfuric acid, whereupon a 
considerable amount of glutamic acid separated. After the isolation of 
glutamic acid crystals, the clear filtrate was observed to be strongly acidic. 
He neutralized the mother liquor by the addition of barium carbonate, 
filtered off the excess of barium carbonate, and added alcohol to the liquid. 
On standing, the barium salt of aspartic acid crystallized. Unfortunately, 
he was misled by his own analysis as to the nature and identity of his 
compound. This did not discourage him in the least. In 1869, he published 
the results of further investigations of this substance. This time, he used 
calcium oxide instead of barium carbonate and separated the calcium salts 
of the carboxylic amino acids by the addition of alcohol. He found that 
he had obtained a mixture of two crystalline products. By the addition 
of about 60 per cent alcohol he was able to remove the calcium salt of 
aspartic acid. The calcium salt of glutamic acid being more soluble in this 
concentration of alcohol remained in solution. He further observed that 
the copper salts were extremely useful in separating small quantities of 
aspartic acid. 

Ritthausen showed that aspartic acid is a constituent of vegetable pro- 
teins. Kreusler * reported that it is also present in casein and in egg pro- 
teins. It is now recognized that aspartic acid is widely distributed in 
proteins. 


TYROSINE 


HOK > >CH—CH(NH.)—COoH 





In 1846, Liebig % discovered tyrosine during the course of his investiga- 
tion of the decomposition of proteins with alkali. He fused crude casein 
with an equal weight of potassium hydroxide, dissolved the mixture in hot 
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water and acidified it with acetic acid. On cooling, a white crystalline sub- 
stance separated which he termed tyrosine. Although his preliminary 
analysis was faulty, he pointed out its amphoteric properties. Liebig made 
no attempt to determine its structure. Two years later, de la Rue,2” who 
was then studying the composition of the cochineal insect, isolated tyrosine 
in the pure state and determined its empirical formula. About that time, 
Liebig, who had several other investigations under way, turned the problem 
over to Bopp. In 1849, Bopp investigated the conditions under which 
tyrosine could best be obtained from various proteins. The original fusion 
method was not a satisfactory procedure for a good yield of this amino 
acid. He noted that tyrosine and leucine were not destroyed by prolonged 
boiling in hydrochloric or in dilute sulfuric acid. 

About the middle of the past century there was considerable controversy 
on the question of acid hydrolysis. Braconnot had shown that leucine 
could be obtained from the acid hydrolyzates of proteins. Mulder had 
contended that the use of hydrochloric acid was not satisfactory, as it led 
to the formation of ammonia and ammonium salts of humic acid. Bopp 
reinvestigated the acid hydrolysis of proteins. He treated casein with hot 
hydrochloric acid and carefully noted the various changes in color formation 
that took place. After boiling the mixture for about eight hours, he ob- 
tained both tyrosine and leucine from the acid hydrolyzate. Bopp’s experi- 
ment is of considerable importance as it is the first one on record relating 
to the hydrolysis of proteins by hydrochloric acid. 

Bopp’s method of separating tyrosine from leucine by fractional crystalli- 
zation from dilute alcohol was not satisfactory. In 1902, Habermann and 
Ehrenfeld *° showed that glacial acetic acid dissolves leucine but not 
tyrosine. 

Tyrosine is widely distributed in nature. Frerichs and Stideler * were 
the first to demonstrate the presence of tyrosine and leucine in diseased 
liver. Later, they showed it to be present in blood and in urine. In 1861, 
Bodeker ” reported on the relation of tyrosine to homogentisic acid, a 
substance associated with aleaptonuria. 

In 1865, Schmitt and Nasse ™* undertook the problem of the elucidation 
of the chemical structure of tyrosine and concluded that it was related to 
salicylic acid for the following reasons: (1) on the basis of Stiideler’s find- 
ings, tyrosine could be converted to chloranil; (2) on dry distillation, it 
yielded phenylalcohol; (3) it gave a colored compound when treated with 
ferric chloride; and (4) it was a dibasic acid. They were unable to synthe- 
size it. 

On alkaline fusion of tyrosine, Barth ® obtained acetic acid and para- 
hydroxybenzoic acid. On the basis of this evidence, he disproved the assump- 
tion of Schmitt and Nasse that tyrosine was related to salicylic acid. 
Ost “4 confirmed the findings of Barth, but failed in his attempt to synthe- 


size tyrosine. 


. 
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The synthesis of tyrosine was first accomplished by Erlenmeyer and 
Lipp." They treated para-amino-phenylalanine with nitrous acid. Erlen- 
meyer, Jr. and Halsey ** prepared it by condensing hippuric acid with 
para-hydroxy-benzaldehyde in the presence of acetic anhydride and sodium 
acetate to form the lactimid (azlactone). On alkaline hydrolysis of the 
lactimid and subsequent reduction with sodium amalgam, benzoyl-tyrosine 
separated and was converted to tyrosine by acid hydrolysis. In 1911, 
Wheeler and Hoffman ™ reported an interesting synthesis consisting of 
boiling anisalhydantoin with hydriodic acid and red phosphorus. In this 
reaction, reduction of the double bond takes place, ammonium iodide is 
liberated, the hydantoin ring is opened and the urea grouping undergoes 
hydrolysis, all in one operation. Emil Fischer “’ was the first to accomplish 
the separation of the optical isomers of the synthetic tyrosine. * 


TyRaMINE HOC >CH,—CH,(NE:) 


Tyramine, a substance of considerable physiological interest, is formed 
by the decarboxylation of tyrosine. The chemical reaction was first accom- 
plished by Johnson and Daschavsky,’* who treated tyrosine with a mixture 
of diphenylmethane and diphenylamine. Abderhalden and Gebelein ! suc- 
ceeded in obtaining tyramine by heating tyrosine with diphenylamine. 


ALANINE 


CH;—CH(NH:2)—COOH 





Alanine is the first amino acid that was obtained by synthesis before it 
was shown to be a product of the hydrolysis of proteins. In 1850, Strecker 147 
investigated the synthesis of lactic acid and thought that it should be 
possible to make it from aldehyde and formic acid. He reasoned: since on 
oxidation, mandelic acid yields benzaldehyde, and since mandelic acid 
may be prepared by treating benzaldehyde with a mixture of hydrocyanic 
and hydrochloric acid, then the reaction involves the action of nascent 
formic acid on benzaldehyde. Thereupon, Strecker treated aldehyde 
ammonia with a mixture of hydrocyanic and hydrochloric acid. On con- 
centrating the solution, ammonium chloride separated. The excess of 
hydrochloric acid was removed as lead chloride and that of lead by hydro- 
gen sulfide. On heating the mother liquor and concentrating it, a crystalline 


. 
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substance appeared which was not lactic acid. He called it alanine (alpha- 


‘amino-propionic acid). He later obtained lactic acid by treating alanine 
_ with nitrous acid. 


~ 


The discovery of alanine among the products of protein hydrolysis is 


| claimed by two separate investigators. In 1875, Schiitzenberger and Bour- 


ce 


© geois isolated a crystalline substance from an alkaline hydrolyzate of 


itk, which resembled Strecker’s alanine. They termed it “leucine pro- 
pionique.” Their analysis was in agreement with the theoretical composi- 
tion of alanine; but unfortunately they made no other tests nor prepared 
any other characteristic salts to justify their claims fully. In fact they 
based their claim on one single experiment. 

In 1888, Weyl !* studied the acid hydrolyzate of silk. After repeated 
crystallization, he obtained large rhombic crystals which upon analysis 
gave results that were very close to the theoretical composition of alanine 
as given by Strecker. He also prepared the copper salt of his compound 
and proved its chemical composition. In his paper, Weyl stated that he 
could find no leucine among the products of silk protein, contrary to some 
of the findings of earlier investigators. His statement was not far from the 
truth, for according to the best analytical methods, there is only approxi- 
mately two per cent leucine in silk fibroin. 

It was only after Fischer’s work that the wide distribution of alanine was 
appreciated. 

VALINE 


CH—CH(NH2)—COOH 
CHs 






an | 
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In 1856, von Gorup-Besanez '** announced his discovery of valine. He 
prepared aqueous extracts of liver, spleen, thymus, and pancreas, and 
heated the extracts in order to coagulate the proteins. His main interest 
at that time was a study of the leucine and tyrosine contents of glands. 
He found a substance in the pancreas that greatly resembled leucine in its 
behavior but differed from it in being more insoluble in boiling alcohol. 
He crystallized it, determined its chemical composition, and classified it 
as one of the homologous series of compounds which included glycine, 
alanine and leucine. ; 

Almost a quarter of a century passed before valine was obtained as a 
constituent of protein hydrolyzates. In 1879, Schiitzenberger ‘*! demon- 
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strated its presence among the cleavage products in the hydrolyzate of 
albumin. At that time it was called aminovaleric acid. Four years later, 
Schulze and Barbieri ° prepared it as its copper salt from extracts of the 
sprouts of Lupinus luteus. 

In 1866, Clark and Fittig ” investigated its chemical structure. The 
empirical formula of valine offered several possibilities: amino-n-valeric 
acid, aminoisovaleric acid or ethyl-methyl-aminoacetic acid. Clark and 
Fittig claimed the synthesis of alpha-aminovaleric acid. Their synthetic 
preparation resembled the natural product of von Gorup-Besanez in its 
solubility, but differed from it in its melting point. This was attributed to 
impurities present in the natural amino acid. von Gorup-Besanez accepted 
Clark and Fittig’s conclusions that their synthetic valine was identical with 
the natural product. 

Other investigators were not convinced of the accuracy of Clark and 
Fittig’s conclusions. In 1878, Schmidt and Sachtleben !” synthesized alpha- 
aminoisovaleric acid and showed that their preparation was identical with 
that of Clark and Fittig. Consequently, the latter could not have syn- 
thesized alpha-aminovaleric acid. Lipp % confirmed Schmidt and Sachtle- 
ben’s work. Thus the constitution of valine was once more in a state of 
confusion. Unfortunately, the relation of the optical activity to the prop- 
erties of valine was not taken into consideration. 

The elucidation of the structural formula of valine was finally accom- 
plished by Emil Fischer.*® He separated the d- and I(+)- forms from the 
racemic alpha-aminoisovaleric acid and showed that the d-valine was 
identical with that isolated from Lupinus luteus by Schulze. He also 
observed that the d(—)-valine was decidedly sweet in taste whereas the 
l(+-)-valine was both bitter and sweet. 

About 1901, Fischer *° introduced the method of esterification of amino 
acids and separation of the esters by fractional distillation at reduced 
pressure. From the fraction that distilled between 40°-80° C at 10 mm, he 
isolated a-aminoisovaleric acid and named it valine. 


SERINE 


CH,(OH) 
CH(NH:) 
OOH 





In 1865, Cramer 8 isolated the gelatin-like protein found on the surface 
of the fibroin of silk and named it sericine. He prepared a sample of about 
6 grams and hydrolyzed it with sulfuric acid. After the removal of tyrosine 
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from the hydrolyzate, he obtained a crystalline substance that he at first 
considered to be glycine. When Cramer prepared its copper salt and noted 
its low copper content, he carefully reinvestigated the problem and con- 
cluded that he was dealing with a new amino acid, the chemical composition 
of which differed from that of alanine by one oxygen equivalent. He 
termed it serine and prepared the hydrochloride, nitrate, and sulfate salts. 

For about 30 years Cramer’s amino acid was not referred to in the 
literature. It is a difficult one to isolate-and, comparatively speaking, it is 
a rare amino acid. Fischer and Skita ” prepared serine from the amino 
acid esters of high boiling point derived from the hydrolysis of silk. Owing 
to the drastic treatment to which the hydrolyzate was subjected during 
the process of esterification, their serine was obtained in the racemic form. 
However, they confirmed Cramer’s discovery. Kossel and Dakin ™ ob- 
tained serine from the protamines and later from other proteins. 

In 1902, Fischer and Leuchs * synthesized serine from glycolic aldehyde 
by the cyanohydrin method of Strecker. Other methods of synthesis were 
reported by Erlenmeyer, Jr.** and by Leuchs and Geiger.** Fischer and 
Jacobs * resolved racemic serine into its optical isomers by a chemical 
method. Ehrlich ** performed the resolution by means of yeast. 

Serine has been reported to be present in human sweat by Embden.** It 
was isolated from alfalfa leaves by Vickery.!®° According to Daft and Cog- 
hill *° strong alkalies decompose serine. 


GuLuTAMiIc ACID 
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Glutamic acid is of considerable interest since it is the only amino acid 
that has found extensive commercial use. The monosodium salt is used as 
a condiment. 

In 1866, Ritthausen ”* investigated the amino acid content of wheat 
gluten by subjecting it to sulfuric acid hydrolysis. After removal of sul- 
furic acid with calcium hydroxide, he observed that the clear filtrate 
contained a strong acid capable of decomposing calcium carbonate. There- 
upon, he treated the filtrate with calcium carbonate, precipitated the excess 
with oxalic acid, and the excess of oxalic acid with lead carbonate. Follow- 
ing the removal of the excess of lead by means of hydrogen sulfide, and 
concentration of the filtrate, a considerable mass of crystalline matter was 
deposited. In this crystalline mass he identified tyrosine. After the 


~ 
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removal of tyrosine, he isolated gleaming rhombic crystals which he wie 
identified as glutamic acid. Ritthausen repeated his experiments by sub- 
stituting gliadin for gluten and obtained a 30 per cent yield of this eas 
compound. This enabled him to prepare its barium, copper and silver 
salts for the purpose of identification and establishing the empirical 
Se Hlasiwetz and Habermann ” introduced it novel method for the 
hydrolysis of proteins. They used hydrochloric acid in the presence of 
stannous chloride and observed that the addition of the latter prevented 
the formation of humin. They hydrolyzed casein according to the above 
method and noted that the hydrolyzate contained a large amount of glu- 
tamic acid in addition to leucine, tyrosine, aspartic acid and ammonia. 
The synthesis of glutamic acid was first accomplished by Wolff. He 
employed a novel method using levulinic acid as his starting material. 


PHENYLALANINE 


CH:—CH(NH:)—COOH 





Posen on one hand, and Schulze and Barbieri '*° on the other, claimed 
the discovery of this essential amino acid in 1879. Posen’s claim was based 
on his alleged synthesis of phenylaminopropionic acid by treating bromo- 
hydrocinnamic acid with ammonia, but his identification of the product 
was not accurate. He reported that it was soluble in alcohol and had a 
melting point of about 120°. These properties resemble those of benzoic 
acid more than of phenylalanine. 

Schulze and Barbieri > almost simultaneously announced their dis- 
covery of phenylalanine. They isolated it from the sprouts of lupine, pre- 
pared its copper salt and accurately reported its empirical formula. 

Following the report of Schulze and Barbieri, Erlenmeyer and Lipp “ 
announced the synthesis of phenylaminopropionic acid and adopted the 
name phenylalanine. Despite the fact that phenylalanine is widely dis- 
tributed in nature, it is a difficult amino acid to isolate. 

Numerous investigators have reported on the synthesis of phenylalanine: 
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Erlenmeyer, Jr.,“| Knoop and Hoessli,*! Fischer, Posner,!? Sérensen,14° 
Wheeler and Hama: °° Johnson and O’Brien,”? Sasaki," ete. 

The resolution of ‘he racemic phenylalanine into its optically active 
isomers was accomplished by Fischer and Mouneyrat.*® 


LYSINE 
NH:—CH:—CH:—CH:—CH:—-CH (NH:)—-COOH 





Lysine HCl Lysine Picrate 


In 1889, Drechsel ® became interested in Schiitzenberger’s observation 
relating to the evolution of carbon dioxide, when proteins were digested 
with an alkali. First, he hydrolyzed casein by Hlasiwetz and Habermann’s 
method. He observed that little, if any, carbon dioxide was formed during 
hydrolysis. He then removed the tin, concentrated his hydrolyzate to a 
sirup and separated the crystallizable fractions. To the sirupy mother 
liquor he added phosphotungstic acid, a reagent long known to be an 
alkaloid precipitant. The heavy precipitate that formed was filtered, 
washed and decomposed with barium hydroxide. The filtrate was acidified 
with hydrochloric acid and concentrated. On standing, a crystalline sub- 
stance was deposited. It was recovered, and recrystallized from a mixture 
of water and alcohol. Drechsel observed the strong basic properties of 
the new amino acid. He prepared the chloroplatinate and silver salts, and 
noted that this amino acid was quite stable in the presence of strong acids; 
but on treatment with barium hydroxide, it decomposed with the libera- 
tion of barium carbonate. He also isolated urea from the decomposition 
products. Drechsel named the new compound lysatine (later shown to 
be a mixture of lysine and arginine). 

Drechsel repeated his experiments on the phosphotungstic acid fraction 
of protein digests. He obtained some perplexing results, particularly when 
he attempted the isolation of the silver salt of his lysatine. 

The isolation and identification of lysine in a pure state were accom- 
plished in Drechsel’s laboratory by his three assistants, Siegfried, Ernst 
Fischer and 8. G. Hedin.®® Ernst Fischer termed it lysine. Hedin isolated 
it from the pancreatic digest of fibrin and also prepared lysine chloro- 
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platinate in accordance with Drechsel’s pattern. None of these investi- 
gators was successful in crystallizing lysine as the free base. This was 
accomplished by Vickery and Leavenworth 1 in 1928. 

The elucidation of the chemical structure of lysine was finally accom- 
plished by Fischer and Weigert,® who synthesized it from the cyano- 
propylmalonic ester by treatment with nitrous acid and subsequent 


reduction. 
ARGININE 


NH2 
alee 
NH—CH.—CH:—CH:—CH (N H2)—COOH 





In 1886, Schulze and Steiger “° discovered arginine in the aqueous ex- 
tracts of etiolated lupine seedlings. They observed that the addition of 
phosphotungstic acid to the aqueous extracts gave a copious, white pre- 
cipitate. From this precipitate they separated a new crystalline compound 
which possesses basic properties and is precipitable at neutral or alkaline 
reactions by mercury salts in the presence of sodium carbonate. Their first 
report was followed by another. They showed that arginine was stable 
when heated with strong acids and decomposed when heated with alkalies 
giving rise to carbon dioxide and ammonia. Nitrous acid removed only 
one-fourth of its nitrogen. It contained neither sulfur nor phosphorus. It 
was precipitable by most of the known alkaloid reagents. 

Schulze and Steiger also investigated the amount of arginine produced 
during the sprouting of lupine seeds and concluded that proteins must 
have been converted (in part at least) to arginine during the process of 
germination. They also demonstrated that arginine was decomposed by 
alkali with the production of urea. This latter observation led Schulze 
and Likiernik '8 to associate Drechsel’s discovery of lysine and lysatine 
with their new compound and to its possible presence among the products 
of protein digestion. 

Drechsel and his group,®° who had been diligently working on lysine 
and lysatine, became interested in Schulze’s arginine. However, it was 
Hedin who finally isolated the silver salt of arginine from the phospho- 
tungstic acid precipitates of protein digests. He reinvestigated the whole 
problem of lysine and lysatine and showed that the latter was actually 
arginine contaminated with lysine. ; 
EA ee of the mystery of lysine, lysatine and arginine, 

at the two amino acids, lysine and arginine, were 
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found in abundance in the basic protamines he had prepared from fish 
sperms. In 1897, Schulze and Winterstein “° showed that ornithine and 
urea were among the decomposition products of arginine by alkalies. 
Jaffé ” had previously discovered ornithine in 1878. 

In 1910, Sérensen '* synthesized arginine from benzoylornithine by con- 
densation with cyanamide and subsequent hydrolysis of the benzoyl group 
with a strong acid. In 1924, Kossel and Gross ®° showed that arginine 
reacted with flavianic acid to form a very insoluble compound. Vickery !*! 
made use of this observation and developed an accurate, quantitative 
method for its estimation. 


IopocorGoic Acip (3,5-D110poTYRosINE) 


I 


HOC >CH:—CH(NH.)—COOH 


I 


In 1894, while at the Marine Zoological Station at Naples, Drechsel 
investigated the amino acid content of the coral Gorgonia Cavolinit. The 
presence of iodine in this organism intrigued him. From the acid hydroly- 
zates of the skeleton of this organism, he isolated lysine, tyrosine and leu- 
cine. This convinced him that he was dealing with a protein. However, 
during the hydrolysis of the protein with hydrochloric acid, he observed 
the evolution of iodine. Thereupon, he altered his procedure and subjected 
the coral skeleton to barium hydroxide hydrolysis. After the removal of 
barium, he noted that samples of the hydrolyzates formed a heavy pre- 
cipitate when treated with silver nitrate which, when boiled with strong 
nitric acid, led to the formation of the insoluble silver iodide. He added an 
excess of silver nitrate to the residue of his filtrate and the heavy precipi- 
tate which formed was recovered and treated with cold nitric acid. The 
insoluble silver iodide and sulfide were removed by filtration and the fil- 
trate was neutralized with ammonia. Upon standing, a greyish precipitate 
formed and was recovered. It was dissolved in dilute hydrochloric acid 
and concentrated. Gradually there deposited crystals of a new compound 
— jodogorgoic acid. Drechsel’s chemical analysis was inaccurate. 

Prior to Drechsel’s isolation of iodogorgoic acid, Hundeshagen * had 
analyzed many species of sponges for iodine and noted that they contained 
well over 10 per cent of this element. He communicated his findings to 


28 AMINO ACIDS AND PROTEINS 


Drechsel, but unfortunately Hundeshagen was unable to crystallize 
iodogorgoic acid. 

In 1903, Henze ® repeated Drechsel’s experiment, and with difficulty 
succeeded in isolating crystals of iodogorgoic acid from the protein of 
Gorgonia Cavolinii. He was the first to-show that it gave a positive xan- 
thoproteic test, thus indicating that he was dealing with an aromatic 
compound. He also reported accurate figures for the nitrogen and iodine 
contents of iodogorgoic acid. He observed that it did not react with 
Millon’s reagent and that ortho-substituted tyrosine derivatives failed to 
give this test. 

In 1905, Wheeler and Jamieson °° reported on the synthesis of iodogor- 
goic acid. In 1907, Henze * confirmed their findings and showed that the 
iodogorgoic acid he and Drechsel had previously prepared was optically 
inactive, since their preparation was obtained from the barium hydroxide 
hydrolyzate of the protein. 

In 1909, Oswald observed that the iodine of iodogorgoic acid is fre- 
quently removed during enzymatic digestion. Wheeler and Mendel 1% 
isolated this amino acid from the skeleton of the common sponge. 


HIsTIDINE 
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Histidine was discovered independently by two investigators. On 
April 9, 1896 Kossel * reported its isolation from the decomposition 
products of protamines; and on May 11, 1896 Hedin ® isolated it from the 
acid hydrolyzates of proteins. 

In 1894, Kossel began an investigation of protamines and observed that 
these products yielded heavy precipitates when added to solutions of solu- 
ble proteins. Kossel subjected sturin to sulfuric acid hydrolysis and 
removed sulfuric acid from the hydrolyzate with barium hydroxide. He 
next added mercuric chloride to the strongly alkaline solution. A heavy 
precipitate formed. This was recovered and treated with hydrogen sulfide. 
The mercury-free filtrate was concentrated. On standing, crystals of the 
chloride of a new base deposited. Kossel named this new compound histi- 
dine and accurately reported its chemical composition. 

Hedin,*®* on the other hand, was investigating the fraction of acid hydrol- 
yzate of casein that gave a copious precipitate with phosphotungstiec acid 
and was studying its behavior toward silver nitrate. He decomposed the 
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silver salts of the amino acid with a small amount of hydrochloric acid and 
removed the silver chloride formed. Following the concentration of the 
filtrate, he obtained a crystalline substance, the chemical composition of 
which was quite in agreement with that of Kossel’s histidine. Hedin’s 
method for the isolation of histidine is still in use. 

Histidine is widely distributed in nature. This was demonstrated by 
the extensive work of Kossel and his co-workers and by Schulze. Some of 
the peculiar properties of histidine observed at that time are noteworthy. 
Herzog ” showed that it gives a biuret test and, upon boiling in a strong 
alkali, it yields hydrocyanic acid, ammonia, and carbon dioxide. 

Pauly “* demonstrated that histidine contains an imidazole ring which 
is responsible for its reaction with diazobenzenesulfonic acid and the de- 
velopment of a highly colored solution. 

In 1911, Pyman ”* synthesized histidine and elucidated its structural 
formula. 





PROLINE 
CH, CH, 
He H—COOH 
NH 





The synthesis of proline was announced before its discovery among the 
decomposition products of protein hydrolyzates. It was synthesized in 
1900 by Willstaétter,°* who became involved in an investigation on the 
chemistry of hygric acid (N-methylpyrrolidine-a-carboxylic acid). At that 
time there had been an argument as to whether or not the carboxyl group 
was in the alpha or beta position. Willstatter condensed sodium malonic 
ester with trimethylenebromide, then converted the bromopropylmalonic 
ester to the dibromopropylmalonic ester by treatment with bromine in 
the cold. He treated the resulting product with ammoniacal methy] alco- 
hol to form the amide. By saponification with barium hydroxide he 
obtained a-pyrrolidinecarboxylic acid. 

A year later, Fischer *® synthesized proline from phthalimide propyl- 
malonic ester. At that time Fischer did not know of Willstatter’s discovery. 
Several other methods for the synthesis of proline have since been reported 
in the literature. 

Credit for the discovery of proline among the decomposition products 
of protein digest belongs to Fischer, who in 1901 introduced his method 
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of fractional distillation of the esterified amino acids. He hydrolyzed 
casein with hydrochloric acid, esterified the amino acids and separated 
them by fractional distillation. One of the fractions, after saponification, 
was boiled with copper oxide. The copper salts of racemic proline sepa- 
rated. Fischer observed that the racemic copper salts of proline erystal- 
lized very readily, whereas the levo form yielded an amorphous mass in 
the mother liquor. After considerable research Fischer was able to prepare 
crystalline proline from an alcohol-ether mixture or from water by the 
careful addition of pyridine. 

If one boils an aqueous solution of glutamic acid, there results a mixture 
of pyrrolidonecarboxylic acid and glutamic acid. Upon heating this mix- 
ture with an acid, glutamic acid is regenerated. It was, therefore, ques- 
tionable as to whether proline was actually a constituent of proteins. 
Fischer and London * settled this argument by isolating proline from the 
enzymatic hydrolyzates of several proteins. 


TRYPTOPHANE 


Bit: (NH2)—COOH 


CH 
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As early as 1825, Tiedemann and Gmelin “48 reported the development 
of a violet color when chlorine was added to the pancreatic juice of a dog. 
This observation was made 76 years before the actual discovery of trypto- 
phane. . 

Claude Bernard,!° the discoverer of glycogen, became interested in 
Tiedemann and Gmelin’s observations, probably on account of the simi- 
larity of their color test to that obtained on addition of iodine to glycogen. 
In 1856, he reported that the minced pancreatic tissue did not give this 
reddish color until putrefaction occurred. Minced liver, spleen and certain 
other glands behaved in a similar manner. Noteworthy was the observa- 
tion he made at that time, that boiled pancreatic tissue lost its property 
of producing a reddish color with chlorine and that this color was appar- 
ently a property of proteins resembling casein. Bernard also studied the 
effect of bromine and iodine on pancreatic digests, but failed to obtain a 
color test. He was correct only with respect to iodine. In 1875, Kiithne * 
introduced bromine water as a reagent for this substance. Kiihne was 
also the first investigator to show that indole was not produced when 
digestion with trypsin was properly carried out, but only when putre- 
faction occurred. He was, therefore, the first to associate indole with 
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tryptophane. In 1890, numerous investigators attempted the isolation of 
the unknown chromogenic substance. Among them are: Neumeister,” 
Stadelmann,™* Nencki,! Beitler,® and others. However, it was Neumeister 
who proposed the name tryptophane, later adopted by Hopkins and Cole. 

Another interesting color reaction of proteins was noted in 1874 by 
Adamkiewicz.? He observed that by the addition of concentrated sulfuric 
acid to a solution of albumin treated with glacial acetic acid, a violet color 
was obtained. Hopkins and Cole believed that the glacial acetic acid used 
by Adamkiewicz was probably contaminated with glyoxylic acid. 

In 1901, Hopkins and Cole” discovered tryptophane in the enzymatic 
digest of casein. They first employed the glyoxylic acid test to trace the 
appearance of tryptophane and later as a guide in tracing it in their vari- 
ous fractions of casein digests. Their procedure consisted of adding 5 per 
cent sulfuric acid to the enzymatic digest of casein and one gram of mer- 
curic sulfate dissolved in 5 per cent sulfuric acid to every gram of casein 
used. On standing for 24 hours, a yellowish voluminous precipitate formed 
which was filtered off and freed from tyrosine by washing it with dilute 
sulfuric acid. The complex formed was treated with hydrogen sulfide and 
barium hydroxide, and filtered. To the clear filtrate, sulfuric acid was 
added to precipitate the excess barium, and the solution was again filtered 
and acidified by the addition of 5 per cent sulfuric acid. Mercuric sulfate 
in sulfuric acid was next added until a slight precipitate formed. The 
turbid mixture was allowed to stand for half an hour and then filtered. 
This procedure removed most of the cystine. An excess of acidified mer- 
curic sulfate was next added, which caused the precipitation of tryptophane 
as the mercury salt. After the removal of mercury, the filtrate was carefully 
concentrated in vacuum and mixed with alcohol. Tryptophane separated in 
a crystalline form. It was recrystallized from 75 to 80 per cent alcohol. 

Ellinger ** reported that tryptophane could have been the precursor of 
indole found in the intestine and previously noted in the putrefied digests 
of proteins. In 1907, Ellinger and Flammand * synthesized tryptophane 
from indolealdehyde by condensing the latter with hippuric acid, and 
showed that its structural formula was indole-a-amino-propionic acid. 


ISOLEUCINE 
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Leucine, isoleucine, and valine have great similarity to one another and 
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cannot be easily separated from aqueous or alcoholic solutions by simple 
fractional crystallization. 

Isoleucine was discovered by Felix Ehrlich * in 1903. His early experi- 
mental work was carried out on beet molasses. He had known that the 
sirup contained a considerable amount of nitrogenous substances from 
which he was able to separate a material that showed the properties of a 
mixture of amino acids. From an alcoholic solution of this mixture he 
isolated what he at first thought was pure leucine. Chemical analysis of 
the crystals was also in agreement with that of leucine. However, it was 
more insoluble in water, possessed a higher specific rotation and a lower 
melting point. For comparison, he prepared its copper salt, and simul- 
taneously the copper salt of pure leucine. The copper salt of pure l-leucine 
had been known to be very insoluble in water or in alcohol, but Ehrlich 
found that his material gave two copper salts, one being more soluble than 
the other. It occurred to him that he was dealing with an isomer of leucine. 

While investigating the physical properties of the crystals, Ehrlich made 
the important observation that the copper salt of isomeric leucine was 
soluble in methyl alcohol. He was, therefore, able to isolate isoleucine, 
determine its specific rotation, and complete its chemical identification. 

In 1906, Bouveault and Locquin ! reported the synthesis of isoleucine 
from secondary butyl acetoacetic ester. Two years later, Ehrlich * pub- 
lished another synthesis in which he employed secondary butyl iodide as 
his starting material. 


HyDROXYPROLINE 
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In 1902, Fischer °° isolated a new amino acid from the acid hydrolyzate 
of gelatin. On heating some of the crystalline compound with hydriodic 
acid and phosphorus, he obtained proline. He surmised its chemical struc- 
ture. In 1905, Leuchs °° synthesized this amino acid and named it hydroxy- 
proline. Later Leuchs and his collaborators % 2. % established the os 
tion of the hydroxy] group and elucidated its structural formula. ; 
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The discovery and synthesis of thyroxine has been one of the major 
developments of modern chemistry. In 1883, Kocher * showed that by 
the removal of the thyroid gland he was able to produce the symptoms of 
goiter. In 1891, Murray ! prepared and used the first extract of thyroid 
to treat a patient suffering from hypothyroidism. In 1893, Ord and 
White | administered thyroid extracts and noted an increase in metabo- 
lism followed by greater urea excretion, a loss in body weight and a rise 
in body temperature. In 1895, Baumann § discovered iodine in the thyroid 
gland and suggested that it was present in a complex organic form analo- 
gous to that in which iron is present in hemoglobin. He published a 
method for the preparation of an extract rich in iodine and was of the 
opinion that potency was in direct ratio to the iodine present. He called 
his fraction iodothyrin. Baumann’s discovery of iodine in the thyroid gland 
was indeed a great stimulus to chemists all over the world and led to the 
publication of numerous papers on the subject. ; 

Roos ”° carried out an investigation on the fractionation of the active 
principle. He digested the gland with 10 per cent sulfuric acid, removed 
the insoluble matter and extracted the mother liquor with alcohol. The 
alcoholic extraction contained a considerable portion of the active prin- 
ciple. He termed this fraction thyroiodine. Oswald "° worked out another 
procedure based on saline extraction of the gland and precipitation of the 
protein with saturated ammonium sulfate. The precipitate was dialyzed, 
redissolved in water and precipitated with alcohol. He called his fraction 
iodothyreoglobulin. 

According to Hutchison,” neither thyroiodine nor iodothyreoglobulin 
contained a constant amount of iodine, or a constant amount of the active 
principle. Nirenberg °° investigated the iodothyreoglobulin of Oswald and 
showed beyond any doubt that it was a protein. He conceived the idea 
that it might contain iodogorgoic acid, but was not successful in isolating 
it. He also investigated iodothyrin and found it to give a positive xantho- 
proteic reaction and negative Millon and Ehriich tests. In this connection, 
one may recall that Henze ® made a similar observation on iodogorgoic 
acid and pointed out that ortho-substituted tyrosine derivatives failed to 
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give Millon’s test. Nirenberg concluded that the iodine is combined with 
tyrosine and possibly with tryptophane. Thereupon, he subjected iodo- 
thyreoglobulin to barium hydroxide hydrolysis for 30 hours and at the 
end of that time he removed the insoluble matter from the hydrolyzate 
and discarded it on the assumption that it was barium carbonate. 

Since acid hydrolysis of the thyroid material did not produce satis- 
factory results, Kendall *° found that severe alkaline hydrolysis was more 
advantageous and did not lead to the loss of the active principle. In his 
early experiments he hydrolyzed the glands for 24 hours in 5 per cent 
sodium hydroxide, separated the precipitate and noted its high iodine 
content and physiological activity. He subjected this fraction to addi- 
tional hydrolysis for 18 hours in a mixture of sodium and barium hydrox- 
ides. An insoluble, iodine-containing precipitate was removed, and when 
the mother liquor was neutralized, a second precipitate separated. This 
fraction was very rich in iodine and was again hydrolyzed by the same 
procedure; once more another insoluble fraction containing 47 per cent 
iodine was obtained. The iodine-containing compounds were not com- 
pletely dialyzable. Upon analysis, he found no traces of heavy metals. 
He dissolved the fraction containing 47 per cent iodine in 95 per cent 
alcohol and evaporated it on the water bath. Inadvertently, all the alco- 
hol evaporated and the residue was brought to dryness. Instead of dis- 
carding it, Kendall added more alcohol to the hard crust and left it in the 
container. On the following day, he filtered it and recovered the solid 
matter. To his surprise this material contained 60 per cent iodine by 
weight and was very active. He suspended it in alcohol and dissolved it 
by adding sodium hydroxide. On neutralization of the solution with acetic 
acid, thyroxine crystallized in sheaves of needles. 

Kendall’s first yield of thyroxine amounted to about 18 mg. He repeated 
his experiment on a somewhat larger scale and secured approximately 
200 mg of the crystals. Careful investigations of its physiological activity 
indicated that he was dealing with the active principle of the thyroid 
gland. He called his preparation thyroxine. In order to study its chem- 
istry, Kendall needed a much larger quantity. It took him two years of 
research to obtain 33 grams from upward of three tons of glands and to 
learn that he had to use glass-lined equipment or nickel ware. 

Misled by a nitrogen determination, Kendall concluded that thyroxine 
was a triodo derivative of indolepropionic acid. Hick’s™ ultraviolet 
absorption spectra studies of thyroxine, tryptophane, and hydroxyindole 
propionic acid supported Kendall’s hypothesis. 

Harington © perfected a simpler method than Kendall’s for the prepara- 
tion of thyroxine. He hydrolyzed the thyroid glands with strong barium 
hydroxide. Whereas Kendall had reported a ratio of 3:1 of iodine to 
nitrogen, Harington found it to be 4 : 1, and reported the empirical formula 
of CisHiOs.NIy. He subjected his crystalline product to dismutation and 
identified each fraction, thus determining the structural formula. 
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Harington and Barger ™ synthesized thyroxine and showed that it was 
identical with the natural product. Following the completion of their work, 
Harington and Barger submitted their paper for publication. Dakin had 
in the meantime completed his studies and arrived at substantially the same 
conclusion. He generously withdrew his communication. This was ac- 
knowledged by Harington and Barger. 


. Brta-HyproxyYGLuTamic AcIp 

Prior to 1942 this amino acid was considered one of the primary con- 
stituents of a large number of proteins. The recent work of Nicolet and 
Shinn 1°8 casts considerable doubt as to its existence in the hydrolyzates of 
proteins such as casein, lactalbumin, edestin, etc. 

In 1918, Dakin ** announced his well-known butyl alcohol method for 
the extraction of monoamino mono¢arboxylic acids and reported that the 
aqueous fraction contained the non-extractable dicarboxylic amino acids, 
among which there was a new substance which he separated and termed 
beta-hydroxyglutamic acid. He also reported its isolation, the preparation 
of its silver salts, its chemical structure and synthesis. 

In 1934, Gulland and Morris * reported that they were unable to con- 
firm Dakin’s findings that casein contained 10.5 per cent beta-hydroxy- 
glutamic acid. They estimated the amount to be about 0.3 per cent. In 
1942, Nicolet and Shinn introduced their new periodic acid oxidation 
method for the estimation of the beta-hydroxy acids, serine and threonine, 
and pointed out that by their procedure they were unable to account for 
any beta-hydroxyglutamic acid in casein, lactalbumin and £-lactoglobulin. 
They stated: “It will be clear that if our results are accurate, there is 
no hydroxyglutamic acid in the hydrolyzate of the proteins here studied.” 

In 1941, Dakin reported that since he failed to convert the acid he iso- 
lated from casein into ketoglutaric acid or glutaconic acid derivatives, it 
seemed certain that his product could not be 6-hydroxyglutamic acid. 

According to Bailey, Chibnall, Rees, and Williams,* Dakin’s acid was a 
mixture of degradation products of aspartic acid, cystine, and the hydroxy 
acids, serine and threonine. These investigators have shown that the 
treatment of hydrolyzates containing cystine with lime cayses partial dis- 
mutation of the cystine molecule. 


oe 


METHIONINE 


CH;—S—CH,—CH:—CH(NH:)—COOH 


—— 
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Before the discovery of methionine, cystine occupied the focus of atten- 
tion of biochemists investigating the sulfur-containing amino acids. In 
1921, Mueller ! reported that the hydrolyzates of certain proteins con- 
tained a substance essential for the growth of hemolytic streptococcus. 
His observations indicated that this factor was probably an unknown 
amino acid. Mueller continued his research on casein hydrolyzates and 
used his microorganisms as an indicator. He tested various chemical 
reagents and found that this unknown substance was precipitable by mer- 
curic sulfate. Hopkins and Cole” had previously shown that during the 
precipitation of tryptophane by mercuric sulfate, some cystine and tyro- 
sine were found in the precipitate. Mueller, therefore, tested cystine, 
tyrosine, tryptophane, and also histidine as growth stimulants for his 
cocci and found them to be ineffective. Following the fractionation of 
casein hydrolyzates with mercuric sulfate and the subfractionation of 
casein hydrolyzate with mercuric sulfate and the subsequent removal of 
mercury, he tried separation of the active principle from his filtrate by 
silver precipitation at a moderately alkaline reaction to litmus. The pre- 
cipitate that separated was inactive. On concentrating the mother liquor, 
a crystalline substance deposited that possessed a remarkable growth- 
stimulating effect on streptococci. Upon chemical analysis, he found it 
to contain sulfur. The sulfur of this new compound did not behave like 
that of cystine for it did not react with basic lead acetate to give a black 
precipitate. In 1922, Mueller announced the discovery of a new sulfur- 
containing amino acid among the products of casein hydrolyzates. He 
showed that the nitrogen was present in the amino form and that its sulfur 
was very stable. In 1923, Mueller published an improved method for the 
preparation of the new sulfur-containing amino acid. Analysis of the crys- 
talline product showed that it had a melting point of 280°-281° in a sealed 
tube and that its empirical formula was CsHiiSNO>». In 1925, Odake "° in- 
vestigated yeast extracts and was successful in isolating a substance that 
possessed the properties of Mueller’s amino acid. In 1928, Barger and 
Coyne * synthesized it and after consultation with Mueller named it methi- 
onine. In 1930, Windus and Marvel * published another synthesis that 
proved to be more satisfactory. 


‘THREONINE 


Pm 
._— 


CHs;s—CH(OH)—CH(NH:;)—COOH 
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The discovery of this amino acid was the outcome of the much-debated 
question of whether or not a mixture of pure amino acids could replace 
dietary proteins in meeting the nitrogen requirements of the growing 
animal. . 

In 1930, Rose and co-workers '° investigated the basal requirements of 
the nitrogen components in the diet of rats. This investigation culminated 
in the isolation and chemical identification of the structure of a new amino 
acid found in casein hydrolyzates. In the course of their studies, it was 
discovered that the growth factor consisted of two components, one of 
which was identified as isoleucine. By increasing the isoleucine content in 


Chemical Composition of Amino Acids 


Amino Acids Empirical Formula M.W. Chemical Composition 
Alanine I(+-) C;H,0.N 89.1 40.44 7.92 35.92 15.72 
Arginine l(+) CHOON, 91742 41:36 “8.10° “18.37 $2.16 
Aspartic acid l(—) C,H;O.N 133.1 . 36.09 5.30 48.08 10.52 
Cystine 1(—) C.H12,0.N28. 240.3 29.99 5.03 26.63 11.66 26.7 (S) 
Diiodotyrosine I(—) C,H,O3NI2 433.0 24.96 2.09 11.08 3123. ps on L) 
Glutamic acid 1(+) CsH,O.N 147.1 40.81 6.16 43.50 9.52 
Glycine (inactive) C.H;O.N 75.0 31.99 6.71 42.63 18.66 
Histidine 1(—) C.eHsO02N3 155.1 46.44 5.84 20.62 27.08 
Hydroxyproline 1(—) CsH,O3N 131.1 45.79 6.92 36.60 10.68 
Isoleucine 1(+) CgH130.N 131.2 54.93 9.99 24.39 10.68 
Leucine 1(—) C.6Hi30.N 131.2 54.93 9.99 2439 10.68 
Lysine 1(+) CoeHuO02N2 146.2 49.30 9.65 421.89 19.16 
Methionine l(—) C;Hy,O.NS 149.2 40.24 7.48 21.45 9.39 21.5 (S) 
Phenylalanine l(—) CsHn0.N 165:2 65.43 . 6:71, £19.37 8.48 
Proline 1( —) CsH,O.N ibsyak Gps ests Peery ely! 
Serine l(—) C3H;0O3N 105.1 34.28 6.71 45.67 13.33 
Threonine d(—) C.sH,O3N 119.1 40.33 6.61 40.29 11.76 
Thyroxine 1(—) CisH10.NI, 776.9 23.19 1.42 8.24 1.80 65.3 (1) 
Tryptophane l(—) CuHi2.02N2 204.2 64.69 5.92 15.67 138.72 
Tyrosine l(—) CsHi0;N 181.2 59.65 6.12 26.49 ido 
Valine 1(+) CsH102N 117.1 51.26 9.46 27.32 11.96 


their basal diet, Rose and his associates °° were able to isolate the second 
component, determine its growth-stimulating action and its chemical com- 
position. In 1935, Rose reported the discovery of this new indispensable 
amino acid. He termed it threonine on account of the relation of its 
chemical structure to the four-carbon sugar, threose. Its structural formula 
was established as alpha-amino-beta-hydroxybutyric acid. 

In 1925, Gortner and Hoffman ® reported the isolation of a crude prepa- 
ration containing 28 per cent ash and mentioned as a possibility that it 
might be hydroxyaminobutyric acid. In 1925-26, Schryver and Buston ™ 
described the finding of a new compound which they also believed to be 
hydroxyaminobutyric acid. They made no attempt to determine its chem- 
‘eal structure or its nutritional significance. In 1927, Rimington ° pub- 
lished a paper on the preparation of hydroxyaminobutyric acid from phos- 
phopeptone. He presented no evidence for its chemical structure. 

The structural formula of threonine reveals the presence of two asym- 


) 


IS 
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metric carbon atoms. Hence, it may exist in four optically active isomers. 
This was confirmed by Carter,”: ' who was the first to synthesize thre- 
onine. He separated the two racemic forms and resolved each into its 
optical isomer. One of these isomers proved to be identical with the 


natural product. f 
Threonine has since been reported to be present in a large number of 


proteins. 
For a more detailed account of the discovery of the amino acids the 


reader is referred to the excellent treatise on the subject of “‘The History 
of the Discovery of the Amino Acids”? by Vickery and Schmidt, Chemical 
Reviews, 9, 169 (1931). 
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Introduction 


The word protein is derived from the Greek word proteios, meaning first. 
It was used by Mulder ' to designate the complex nitrogen-containing sub- 
stances that are constituents of all animal and plant tissues. Mulder’s 
notion that all proteins contain a common radical combined with sulfur 
and phosphorus, the amount of the latter elements varying with different 
proteins, has since been proved incorrect. 

Proteins are constituents of all living tissues, the amount and kind of 
protein varying with the particular tissue in question. Proteins are so 
universally distributed that it is not possible to ingest naturally occurring 
foodstuffs without including protein, unless special means have been taken 
to exclude them. Together with water, inorganic salts, lipids, carbohy- 
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drates, vitamins, enzymes, etc., proteins constitute the materials that form 
the protoplasm of both animal and vegetable cells. Protoplasm_should— 
not_be regarded as merely a mixture of the above components; rather it 
must be looked upon as a system in which these substances are in dynamic 
equilibrium, partly free and partly combined chemically, the whole func- 
tioning as a living machine capable of carrying on, under proper conditions, 
the normal metabolic activities of the cell and including such functions 
as maintenance, reproduction, and transfer of energy. Since proteins can 
combine with either hydrogen or hydroxy] ions, their state in living matter 
necessarily depends upon the pH of the system. The pH of animal tissues 
and fluids is generally maintained within comparatively narrow limits by 
means of buffer systems. The optimum pH, together with inorganic salts 
and water, permits solubility of some otherwise comparatively insoluble 
proteins. It also permits chemical combination with some of the other cell 
constituents to take place. 

The proteins in the nuclei of both animal and vegetable cells are in large 
part combined with nucleic acid as nucleoproteins. The protein moiety — 
protamines and histones — is basic in nature and forms salt-like compounds 
with nucleic acid. The proteins of the cytoplasm belong to the class of 
albumins and: globulins. Blood plasma contains albumin, globulin, and 
fibrinogen. The red blood corpuscles contain hemoglobin and a globulin. 
In certain of the invertebrates a copper-containing protein, hemocyanin, 
constitutes the oxygen-carrying vehicle. This is present in the circulating 
fluid rather than confined to cells. Various types of proteins are stored in 
special areas, such as in the seeds of plants. Here we find some proteins 
that are soluble in dilute salt solutions and others that are soluble in alcohol- 
water mixtures. Hair, wool, silk, horn, and hoofs contain very specialized 
proteins, the keratins, which are soluble only in solutions containing strong 
acid or alkali. The above-mentioned proteins differ from other proteins 
not only in their physical and chemical behavior but also in their content 
of amino acids. It should be emphasized again that proteins are almost 
universally distributed; therefore, unless means are taken to restrict its 
diet, the animal obtains its protein requirements from a large number of 
sources. Since proteins vary both qualitatively and quantitatively in their 
amino-acid content, and since it is essential that the animal be supplied 
with definite amounts of certain of the amino acids, variety in the sources 
and types of proteins ingested offers greater assurance that the necessary 
amino acids will be supplied than if the animal had to depend on a single 
protein with a rather limited or specialized amino-acid makeup. 

Such enzymes as pepsin, pepsinogen, chymotrypsinogen, chymotrypsin, 
trypsinogen, trypsin, the various peptidases, urease, catalase, papain, 
amylase, lipase, maltase, etc. are protein in nature. In fact, it is highly 
probable that all enzymes are proteins. Those enzymic systems that par- 
ticipate in oxidation-reduction reactions, such as coenzyme 1, coenzyme 2, 
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and the yellow enzyme, which contain a vitamin in the prosthetic group, 
are essentially types of nucleoproteins. Many of the hormones — insulin, 
thyroglobulin, prolactin, parathyroid hormone, growth hormone, etc. — 
are proteins. The filtrable viruses are proteins. Those substances that are 
contained in or produced by bacteria and that engender the production of 
specific immune bodies are likewise proteins. 

Plants constitute the ultimate source of proteins for the animal body. 
Even though the,animal may ingest all or a large part of its protein require- 
ments in the form of animal tissues and fluids, the ultimate source never- 
theless is the plant. The plant can synthesize proteins from comparatively 
simple substances, such as nitrates, that are present in the soil solution; 
although there is evidence that nitrites and ammonia may also be utilized. 
According to some workers, there are also indications that higher plants can 
fix atmospheric nitrogen to some extent. Soil bacteria play a prominent 
réle in rendering nitrogen available to the plant. The nitrite bacteria con- 
vert ammonia to nitrites; the nitrate bacteria, in turn, convert nitrites to 
nitrates. The symbiotic nitrogen-fixing bacteria are able to absorb atmos- 
pheric nitrogen and to convert it into nitrogenous compounds within their 
bodies, whence it ultimately becomes available to the particular plant on 
the roots of which these bacteria grow. Other non-symbiotic soil bacteria 
can also fix elementary nitrogen and thus render it available to the plant. 
Other soil bacteria have the ability to decompose nitrogen-containing 
organic matter with the production of ammenia; thus, together with the . 
other reactions mentioned, a nitrogen cycle is established. We may repre- 
sent this schematically: ? 


bacteria _ bacteria 
organic matter ———> ammonia ———> nitrites 


atmospheric nitrogen 


bacteria plant Tey plant : 
——> nitrates ——— nitrites ———> ammonia 


products of nitrogen- ¢ 
fixing bacteria bacteria : 
ammonia 


plant : . plant , 
——> amino acids ———> proteins 


available to animals 


p imal metabolism ‘ 
= at = Seen es bacteria rae 

The mechanism of protein synthesis in the plant is far from having been 
elucidated. Presumably energy for the conversion of nitrates —>- et | 
—+s ammonia is provided by oxidation of carbohydrates. The easiest 
assumption is that ammonia combines with organic acids to form amino 
acids. In this assumption we are faced with the problem of the origin of 
the more complex ring-containing amino acids. Little is known about this 
subject. Asparagine and glutamine or both are synthesized in the higher 
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plants. This synthesis can also take place in the detached leaves, as has 
been shown in the case of rhubarb and tobacco leaves * and in etiolated 
seeds. The view has been expressed that the synthesis of these acid amides 
may be a mechanism for controlling the level of ammonia. It is possible 
that a certain amount of these compounds result from protein breakdown. 
On the other hand, there is evidence that de novo synthesis may occur, 
since the amounts of aspartic and glutamic acid present in the available 
proteins are insufficient to account for the amounts of the acid amides that 
are formed. The precursors of the acid amides are not known. As in the 
animal body, proteins are probably synthesized from amino acids in plants. 
Synthesis of amino acids and proteins may take place in the chloroplasts 
of the leaf cells due to the abundant supply of available carbohydrate 
resulting from photosynthesis, although such synthesis may take place in 
any of the growing cells of the plant if a supply of carbohydrate and of the 
proper nitrogenous compounds is available. Light is not directly essential 
to this process. The highest concentration of protein is present in the 
seeds. Other parts of the plant likewise contain protein. The alfalfa plant, 
for example, is quite rich in proteins. The seed proteins are probably 
formed from the amino acids present in the plant sap. The latter may 
result from hydrolysis of the proteins present in the leaves and elsewhere, 
or they may be transported directly to the seed from the places where they 
are synthesized without having gone through the protein stage. The 
available information regarding the synthesis of plant proteins is so meager 
that only a general and schematic idea of these processes can be presented 
at the present time. It is beyond the scope of this chapter to present and 
analyze all the views that have been offered on this subject.? 

Neither is it the object of this chapter to discuss the details of the break- 
down of proteins after entering the animal body and their ultimate trans- 
formation into the proteins that are present in and characteristic of the 
tissues and fluids of the particular animal in question. It suffices to state 
that through the agency of the various proteolytic enzymes present in the 
gastro-intestinal tract the ingested proteins are hydrolyzed to their con- 
stituent amino acids. These are absorbed into the blood stream and cir- 
culated to the tissues to be synthesized into the specialized proteins that 
characterize the various tissues. These proteins are specific not only for a 
given tissue but for the particular animal as well. 

The proteins are exceedingly complex substances and it is not possible 
at the present time to write the structural formula of any protein as it is 
in the case of simple organic compounds. Mere mention of the fact that 
the molecular weights of proteins range from about 40,000 for egg albumin 
to 5,000,000 for hemocyanin (data based on ultracentrifuge measurements) 
indicates the enormous difficulty that confronts any one who might desire 
to represent the structures of proteins graphically. One fact stands out, 
and that is that proteins are composed of chains of amino acids linked 


| 
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chemically. The amino acids may be considered the building stones of the 
protein molecule. To pursue the analogy further, we may consider the 
protein as a house that is constructed of different colored bricks, each of 
these bricks representing a particular amino acid. The architecture of the 
house is determined not only by the number of bricks used in its construc- 
tion but also by their arrangement and by the number of each type that is 
used. It is easily seen that on the basis of the(22)amino acids that are now 
considered accepted (this term being used to designate those amino acids 
that have been isolated from proteins and their structures established), an 
almost infinite number of different protein molecules should exist. For- 
tunately, however, the number of known proteins is not as large as these 
possibilities would indicate. 
We may represent the mode of linkage of amino acids in proteins by-— 

using as an illustration the simple peptide, glutathione, which has been 
isolated from plant and animal tissues: 4 


HOOC - CH(NH,) - CH: - CH, CO] OH - H |NH - CH(CH; - SH) - CO NH - 

. CH, - COOH 

Glutamyl — cysteyl — glycine 

Glutathione contains three amino acids: glutamic acid, cysteine, and 
glycine, chemically bound by the’ peptide (—CONH—) linkage. The | 
chemical union has involved the loss of two mole f The con- 
verse process, hydrolysis, involves the addition of two molecules of water, 
and thus the three constituent amino acids are set free. In proteins the 
amino acids are similarly joined. Proline and hydroxyproline contain an 
—NH but not an NH: group, and these amino acids are linked to other 
amino acids by the —CON— group instead of the more common 
—CONH— linkage. In proteins the number of each individual amino acid 
and the number of different amino acids is many times that indicated by 
the glutathione molecule. Moreover, in certain proteins, one or more of 
the 22 acceptéd amino acids may be lacking. A more detailed account of 
the structure of proteins is given in Chapter III. As will be shown in 
greater detail in Chapter IV, hydrolysis of proteins into their constituent 
amino acids may be carried out by (a) the action of appropriate proteolytic 
enzymes, (b) boiling with strong acids, (c) boiling with strong alkalies. 
Each of these methods possesses advantages as well as disadvantages. 


CLASSIFICATION OF PROTEINS 


Since it is not possible to write the stereochemical structures, the classi- 
fication of proteins must necessarily be somewhat arbitrary. The classifi- 
cation given below is largely based on physical properties, particularly 
solubility. This classification from many standpoints is very useful in that 
it gives the reader a general idea of the properties of the proteins that 
belong to each group, as well as a hint as to the general procedures that are 
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employed in isolating them and at times some information as to the mode 
in which they occur naturally. 


Simple Proteins 


Albumins. The albumins are soluble in water and are coagulated by 
heat at a slightly acid reaction (about pH 4.9). They may be thrown out 
of solution by saturation with ammonium sulfate. They are usually low 
or deficient in glycine. 

Serum Albumin. Normal blood serum contains 4 to 6 per cent of serum 
albumin. In chronic glomerular nephritis this value may drop to 1.5 to 
2.9 per cent; in nephrosis to 0.9 to 2.9 per cent. Serum albumin may be 
prepared from horse blood serum by first removing the serum globulins 
with half saturation of ammonium sulfate. The albumin fraction is pre- 
cipitated at 62 per cent saturation with ammonium sulfate.*: ® At some- 
what higher concentrations of this salt (68 per cent saturation), albumin, 
hemocuprein, choline esterase, glycoprotein, and phosphatase are precipi- 
tated. The ammonium sulfate can be removed by dialysis. Herse serum 
albumin has a molecular weight of about 72,000; that of man about 69,000 
(in buffered salt solution). Its isoelectric point is 4.88. At pH 7.4, the 
reaction of normal blood serum, serum albumin is combined with cations 
(Cat*, Nat, etc.). Horse serum albumin has been fractionated into two 
portions, a crystalline albumin containing 5.5 per cent of carbohydrate 
and a carbohydrate-free albumin.” Human serum albumin is now being 
prepared in large quantities for intravenous administration in the treat- 
ment of shock. On the basis of molecular weights it is about three times 
more efficient in maintaining the colloidal osmotic pressure than is serum 
globulin (M.W. 175,000 in buffered salt solution).* The presence of serum 
albumin in urine may be demonstrated by addition of dilute acetic acid 
and heating. A cloudiness or flocculum appears, depending on the amount 
of albumin present. Strong acetic acid should not be added, since the 
protein will dissolve. Bence-Jones protein is soluble at high temperatures 
but precipitates at lower (room) temperatures. 

Egg Albumin may be prepared from egg white by first removing the 
globulins with half saturation of ammonium sulfate. At pH 4.8 and on 
saturating the solution with this salt, the albumin is precipitated. The 
ammonium sulfate is removed from the precipitate by dialysis and the egg 
albumin is repeatedly recrystallized. Its molecular weight is 36,000 (in 
6.66M urea solution) and its isoelectric point is 4.84 to 4.90. 

Lactalbumin, the so-called albumin of milk, consists largely of lacto- 
globulin. It is quite insoluble in water but readily dissolves on addition of 


* According to E. Mylon, M. C. Winternitz, and G. J. De Siitd-Nagy [Am. J. Physiol. 
139, 313 (1943)], the therapeutic value of plasma in the treatment of shock is not fully 
explained by its colloidal osmotic pressure. Plasma albumin and globulin preparations 
are ineffective as compared with whole plasma in the treatment of shock in dogs. 
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salt solution.* 6-Lactoglobulin has a molecular weight of 42,000. One 
mole of this protein contains 4 moles of cysteine, 4 of cystine, 9 of methi- 
onine, 2 of tryptophane, 9 of arginine, 21 of threonine, 15 of serine, 4-6 of 
histidine, 31-36 of lysine and 32 amide groups.** 

Globulins. The globulins are insoluble in distilled water but are soluble 
in dilute salt solutions and in dilute solutions of strong acids and alkalies. 
They are precipitable by addition of ammonium sulfate to half saturation. 

Isolation procedures depend on precipitation of the globulin fraction of 
blood serum * with half saturation of ammonium sulfate and removal of 
the salt by dialysis. The globulins may be redissolved with the aid of 
small amounts of salt, reprecipitated and purified as indicated previously. 
They usually contain glycine. 

Serum Globulin. The serum globulin content of normal human serum 
ranges from 1.4 to 3.0 per cent. It may be a little higher in nephritis and 
nephrosis. Both on the basis of fractionation with ammonium sulfate and 
electrophoresis it has been shown that serum globulin consists of at least 
three fractions, a-, B-, and y-globulin.j Antitoxins are contained in the 
globulin fraction of serum. Guinea-pig complement consists of a euglobu- 
lin (C’1), a mucoglobulin which possesses both C’2 and C’4 activity, and 
a still uncharacterized component (C’3).° Horse serum globulin has a 
molecular weight of about 175,000 (in buffered salt solution). Its isoelec- 
tric point is 5.4 to 5.5. It is combined with cations in blood serum. 

Tissue Globulin. The soft tissues of the animal body contain both 
albumin and globulin. Thus Luck !° has reported that rat liver contains 
5.1 to 7.9 per cent of globulin II, 3.0 to 4.5 per cent of euglobulin, 0.6 to 
1.4 per cent of pseudoglobulin, and 0.7 to 1.9 per cent of albumin. The 
lower figures are for animals that were maintained on a low-protein diet 
and the higher values are for rats fed a high-protein ration. 

One of the unique and interesting proteins is muscle globulin or myosin. 
It is prepared by extracting finely chopped fresh muscle with a solution 
of KCl and potassium phosphate of ionic strength { 1.2 to 1.5 and pH 7 to 
8.5. On increasing or decreasing the ionic strength of the filtered extract, 
precipitation of the protein occurs. The protein is insoluble at ionic 
strengths at which serum globulin is soluble. Myosin is insoluble at all 


* Cohn and co-workers [J. Am. Chem. Soc., 62, 3396 (1940)] have described a method 
of fractionating blood plasma into 4 fractions by equilibration with alcohol-water 
mixtures of controlled pH, ionic strength, and temperature. 

+ y-Globulin obtained from pooled human serum is being used to prevent or to amelio- 
rate measles. Use is made of fibrin films as a substitute for brain covering and fibrin foam 
and thrombin are used to stop oozing of blood. 

t The term ionic strength is defined as equal to the sum of the ionie concentrations of 
the electrolytes present in the solution, each ionic concentration being multiplied by the 
square of the ionic valence. The concentrations are expressed in gram ions per 1000 
grams of solvent. The whole sum is divided by 2. See Lewis, G. N., and Randall, M., 
“Thermodynamics,” p. 373, New York, McGraw-Hill Book Co., 1923. | 
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salt concentrations between pH 5 and 6. When the acidity of the solution 
is greater than pH 5 or the alkalinity is greater than pH 10, the protein 
is soluble even in the absence of salt. Myosin solutions are very viscous. 
In the presence of small amounts of alkali and in the nearly complete 
absence of salt, muscle globulin forms gels. The gels are thixotropic.* 
Myosin solutions show double refraction of flow. This is due primarily to 
the orientation of the anisotropic + protein particles resulting from the 
shearing stresses that arise during flow. Photoelasticity also contributes to 
the phenomenon. Only undenatured myosin solutions show double refrac- 
tion of flow, indicating that the phenomenon depends on the chemical 
nature and makeup of the protein molecule. Minimum combination with 
acids and bases takes place in the region pH 6.2 to 6.6." 

Anisotropic myosin fibers possess many of the properties of muscle 
fibers. The suggestion has been that the contraction of muscle is due to a 
sudden shortening of the long anistropic protein molecules in the fiber.” 
While this theory may not explain the phenomenon of muscle contraction 
in toto, it nevertheless suggests that the unique properties of muscle globu- 
lin may be a contributing factor. Muscle rigor represents a change of 
myosin to an insoluble form. Late evidence indicates that myosin is identi- 
cal with adenosinetriphosphatase. This enzyme converts adenosinetri- 
phosphate to adenosinediphosphate. !?4 

Vegetable Globulins. The proteins of seeds and nuts are in large part 
globulins. An extensive discussion of this subject is given by Osborne.® 
Edestin is a typical example of a vegetable globulin. It may be prepared 
by first extracting ground hemp seed with ether to remove lipids and 
chlorophyll, then triturating the meal with 10 volumes of 5 per cent sodium 
chloride solution at about 50°, and filtering. The extract is adjusted to 
pH 5.5 to 6.0 and dialyzed or permitted to stand at a low temperature. 
Crystals of edestin separate. They should be recrystallized several times, 
washed with distilled water, and dried. The molecular weight of edestin 
is about 49,500 (in 6.66M urea). Its isoelectric point is in the region of 
pH 5.5 to 6.0. Due to restrictions on the growth of hemp seed Cur- 
cubita seeds may be used." The globulins from this source resemble 
edestin. 

Prolamins. Proteins of this group have been isolated principally from 
cereal seeds. They are insoluble in water but are soluble in 70 to 80 per 
cent ethyl alcohol. On increasing the concentration of alcohol to about 
90 per cent they become insoluble. The prolamins yield large amounts of 

* Certain gels when shaken become fluid; on standing the gel again forms. This 
phenomenon is known as thixotropy. 

ii The reaction of gases, liquids, and some solids, when subjected to mechanical stress, 
is independent of the direction from which the stress is applied. Such substances are 
said to be ¢sotropic. On the other hand, many substances including most crystals are 


anisotropic, z.e., the resistance to stress depends upon the direction in which the stress 
is applied. In general this differs with the different axes of the crystal. 
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proline and amide nitrogen (due to the high content of glutamine) on 
hydrolysis. They are deficient in lysine. Typical proteins that belong to 
this group are zein obtained from maize, hordein from barley, and gliadin 
from wheat. 

The isolation of proteins of this group may be illustrated by using gliadin 
as an example. Wheat flour is freed from starch by kneading it in running 
water. The moist gluten is repeatedly extracted with 70 per cent alcohol. 
The filtrate is concentrated in vacuo to a small volume. This is poured into 
5 volumes of 1 per cent sodium chloride solution. The gliadin precipitates 
as a foam. This is dissolved in 70 per cent alcohol. On standing at low 
temperature most of the gliadin separates. This is subjected to further 
purification.’* Gliadin forms a water-clear solution when dissolved in 50, 
60, and 70 per cent alcohol. Its molecular weight is 40,000 (6.66M urea) 
and its isoelectric point is 6.5. 

Glutelins. Proteins of this group are insoluble in water and in dilute 
salt solution but are soluble in the presence of dilute acids and alkalies. 
They represent heterogeneous mixtures of cell proteins after removal of 
the albumins, globulins, and prolamins. Glutenin from wheat and oryzenin 
from rice are members of this group. 

Scleroproteins (albuminoids). These proteins are soluble only in solu- 
tions containing strong acid or alkali. The scleroproteins have a supporting 
or protective function in the animal organism, and in this respect they are 
analogous to cellulose and similar substances in the plant. It is doubtful 
that the isolated products are pure or homomolecular. Typical examples 
of proteins of this group are keratin from hair, hoof, and horn, fibroin 
from silk, and spongin from sponges. 

Submembers of this group are: (1) Collagens, which are present in skin, 
tendons, and bones. They are converted into a water-soluble protein, gela- 
tin, by boiling with water. The collagens are resistant to peptic and tryptic 
digestion. On the basis of the amount of glycine (G), proline (P), and 
hydroxyproline (HP) we may represent the structure of gelatin schemati- 
cally by 

Mo Pe Gtx CHP xX. Gs: X— 


where X represents other amino acids. Gelatin is deficient in valine, 
tryptophane, and tyrosine but rich in glycine, proline, hydroxyproline, 
arginine, and lysine. Its isoelectric point is 4.8 to 4.85. It is not homo- 
molecular but contains a number of proteins with molecular weights rang- 
ing from 11,000 to 70,000. The purification procedure is essentially one 
that removes electrolytes by means of dilute acetic acid followed by 
water.'*!7 Gelatin is not antigenic. 

(2) Elastins are present in such elastic tissues as the tendons and the 
arteries. They are not converted into gelatin, do not contain hydroxy- 
proline, and are digested by trypsin. 
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(3) Keratins are resistant to the action of pepsin and trypsin. The 
molecular ratio of histidine, lysine, and arginine is approximately 1 : 4: 12. 
The cystine content varies from 0 to 16 per cent. Wool keratin may be 
prepared by dissolving wool in a solution of sodium thioglycollate at pH 12. 
The solution is filtered and, on addition of acetic acid, keratin precipi- 
tates. The semi-purified product is insoluble in water but soluble on addi- 
tion of sodium carbonate or bicarbonate.!® The solubilizing effect of potas- 
sium cyanide, alkaline sodium sulfide, and thioglycollic acid depends on 
the reduction of the disulfide groups of cystine which are essential for the 
maintenance of the fibrous structure. 

Histones. Due to the basicity of this group of proteins they exist in the 
nucleated cells of animal tissues combined with nucleic acid (leucocytes, 
avian erythrocytes, and in the thymus, pancreas, kidney, etc.) or com- 
bined with a prosthetic group, such as heme in hemoglobin. The histones 
are water-soluble but insoluble in dilute ammonia. They are characterized 
by their high content of the basic amino acids, especially histidine and 
arginine. 

Submembers of this group include Globin, the protein component of 
hemoglobin, which is obtained by adding hydrochloric acid and acetone- 
containing hydrochloric acid to an aqueous solution of carbon monoxide 
hemoglobin. A solution of heme and a precipitate of globin hydrochloride 
are obtained. On removal of the acetone the powdered globin dissolves in 
water. Free globin is obtained by quickly neutralizing this solution or by 
addition of ammonium sulfate to 4 saturation.'® Ox globin has a molecular 
weight of 37,000 (in buffered salt solution). The molecular ratio of trypto- 
phane, tyrosine, arginine, histidine, and lysine in globin is approximately 
2:3:3:8:9. Compound proteins such as globin caseinate 2° and globin 
insulinate ?! have been prepared. 

Protamines are more basic than the histones and possess a more simple 
structure. They are essentially polypeptides. They occur in ripe fish 
sperm combined with nucleic acid. They are soluble in water, are not 
coagulated by heating, and are precipitated from aqueous solution by 
addition of alcohol. They form definite salts with strong acids. Protamines 
form compounds with acidic proteins such as insulin (protamine insuli- 
nate),” casein (protamine caseinate),” and edestin (protamine edestinate).4 
Typical protamines are salmine (from salmon sperm), sturine (from stur- 
geon sperm), clupeine (from herring sperm), scombrine (from mackerel 
sperm), and cyprinine (from carp sperm). On the basis of the content of 
basic amino acids, the protamines can be divided into those that contain 
(a) only arginine (monoprotamines), (b) arginine and lysine or arginine and 
histidine (diprotamines), and (c) arginine, lysine, and histidine (tripro- 
tamines). 


The action of proteolytic enzymes on clupeine may be represented sche- 
matically as follows: 
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Clupeine , 
M—A—A—M—A—A—M—A—A—P—A—A—M—A—A 


active active active active protam- protam- 


trypsin trypsin trypsin trypsin inase inase 
Clupeon 


Here M represents any one of four monoamino acids, P denotes proline, 
and A arginine. Of the 15 amino acids, 10 are arginine. Protaminase splits 
off two terminal arginine molecules yielding clupeon which, on being sub- 
jected to the action of trypsin, yields two dipeptides, A—M and M—A, 
and three tripeptides, A—M—A, A—M—A, and A—P—A. 


Conjugated Proteins 


This group includes those proteins that are combined with prosthetic 
groups of a non-protein nature. One member of this group, hemoglobin, 
has been well characterized; others are not yet well established. Protein 
complexes occur to a considerable extent in tissues. This is not unexpected 
when consideration is given to the amphoteric nature of the proteins and 
the types of free groups that are present in protein molecules. Functionally 
these compounds are very important. This is especially true of the coen- 
zyme-protein compounds. These are a type of nucleoprotein containing 
vitamin or vitamin derivative, sugar, phosphoric acid, and protein. Several 
examples will serve to illustrate this. The yellow enzyme consists of 
riboflavin (ribose combined with alloxazine, a substituted pyrimidine), 
phosphoric acid, and protein as indicated in the following chemical formula: 


H 
O 
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CH(OH) 

CH(OH) 
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The yellow enzyme participates in oxidation-reduction reactions as 
illustrated by the following equations: 
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(1) Hexose-monophosphate + coenzyme 2 == phosphohexonate + di- 


hydrocoenzyme 2 
(2) Dihydro-coenzyme 2 + yellow enzyme =—= coenzyme 2 + reduced 


yellow enzyme 
(3) Reduced yellow enzyme + O2 == yellow enzyme + HO. 
Coenzyme 1 consists of one molecule each of adenine and nicotinic acid 
amide and two molecules each of phosphoric acid and d-ribose as shown 
below: 


H 
‘a haa 
———=(>-———_. 
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On reduction this forms dihydro-coenzyme 1 by acceptance of two hydrogen 
atoms. 

Coenzyme 2 consists of one molecule each of nicotinic acid amide and 
adenine, two molecules of d-ribose, and three molecules of phosphoric acid, 
as indicated by the following chemical formula: 


0 rarer Ee nb da 
ye we | 
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Coenzyme 2 can accept two atoms of hydrogen and hence also participates 
in oxidation-reduction reactions. Both coenzyme 1 and 2 are combined in 
nature with proteins. 

Carboxylase contains magnesium, thiamine diphosphate, and protein. 
Its action is to split carbon dioxide from pyruvic acid to yield acetaldehyde: 


: 
C—O —~> CH; - CHO + CO, 
COOH 


A more detailed discussion of enzymes of this type is given by Sumner and 
Somers.”° 

Very little is known about the nature of the proteins that occur com- 
bined with coenzymes or the mode of union between the protein and the 
prosthetic groups. The following are possibilities: (a) acid-base type of 
combination; (b) combination between the OH-group of phosphoric acid 
and the NH:-group in the guanidino moiety of arginine yielding the 


S| 
ae linkage, although combination of phosphoric acid with other 


amino groups is not excluded. 

It is to be especially emphasized that in biological systems, because of 
their amphoteric nature and of the number and types of free reactive 
groups, proteins in general must not be regarded as existing in the free 
state, but rather in the form of complexes, this term being used to imply 
both firm and loose combination between proteins and other cell con- 
stituents and including both anions and cations. Further characterization 
of conjugated proteins is given below. 

(a) Nucleoproteins. As indicated previously, nucleoproteins consist of 
nucleic acid or nucleic acid-like compounds combined with proteins. They 
may be prepared by extracting nucleated tissues with a dilute solution of 
alkali. Dissociation of nucleic acid from the protein may be effected by 
treatment with cold mineral acids. One of the most interesting groups. 
of nucleoproteins is contained in the chromosomes. They appear to be 
arranged according to a definite pattern. The basic groups of the protein 
lie on or near the surface and are combined with nucleic acid. The genes 
probably contain considerable amounts of nucleoproteins. It is quite 
definitely established that the filtrable viruses are nucleoproteins.** The 
nucleic acids of the plant virus are of the yeast nucleic acid type, 7.e., the 
carbohydrate is d-ribose. Curiously eastern equine encephalomyelitis and 
influenza A virus also contain the plant type of nucleic acid. Tobacco 
mosaic virus has a molecular weight of 43,000,000 and rabbit papilloma 
and eastern equine encephalomyelitis each have a molecular weight of 
about 20,000,000. Tobacco mosaic, tobacco ring spot, and rabbit papilloma 
viruses are composed of amino acids and nucleic acid only. Arginine, 
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aspartic acid, cysteine, glutamic acid, leucine, lysine, phenylalamine, pro- 
line, serine, tryptophane, and tyrosine have been isolated from the protein 
of tobacco mosaic wirus. The presence of alanine, histidine, and glycine 
have not yet been demonstrated. Latent mosaic virus may contain a con- 
jugated polysaccharide. Eastern equine encephalomyelitis virus appears 
to contain phospholipids, cholesterol, and fatty acids in addition to nucleo- 
protein; vaccine virus contains also phospholipids, cholesterol, and fat. 
The viruses are an exceptionally interesting group of substances in that 
when placed on the proper substrate they reproduce their kind. These 
molecules can be subjected to various chemical treatments without losing 
their inherent properties. 

(b) Glycoproteins. Many of the naturally occurring proteins contain 
carbohydrate or derivatives of carbohydrates as part of the molecule. 
Among these are glucose, lactose, mannose, glucosamine, galacturonic 
acid, aldobionic acid, etc. Immunological specificity of the glycoproteins 
depends on the specific carbohydrate combined with the protein. Meyer ”” 
has proposed the following classification of the glycoproteins: 


A. MucoroLysACCHARIDES 


I. Containing uronic acid 

(a) Sulfate-free 

1, Vitreous humor, umbilical cord, synovial fluid, group A 
streptococcus 

(b) Sulfate-containing 
1. Chondroitinsulfuric acid 
2. Mucoitinsulfuric acid (gastric mucin and cornea) 
3. Heparin 


II. Neutral mucopolysaccharides of known composition 
(a) Chitin 
(b) Gastric polysaccharide 
(c) Bacterial polysaccharide 


B. GLYCOPROTEINS containing neutral mucopolysaccharides of un- 
known composition: 
(a) Ovomucoid-a (formerly termed ovomucoid) 
(b) Ovomucoid-8 (formerly termed ovomucin) 
(c) Serum mucoid, serum glucoid 
(d) Globulins (egg white, thyroglobulin) 
(e) Pregnancy urine hormone 


(c) Phosphoproteins. These proteins differ from nucleoproteins in that 
they contain phosphoric acid but no carbohydrate, purine, or pyrimidine 
group. The phosphoric acid is present in ester combination with hydroxy 
amino acids and especially with the hydroxy group of serine. Two repre- 
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sentatives of this group are casein (present in milk) and vitellin (present 
in egg yolk). Neither appears to be homomolecular. 

Nutritionally and industrially, casein is one of the most important pro- 
teins. It occurs in milk combined with calcium a eeu casdihate. The 
action of rennin, an enzyme present in the stomachs of young animals, is 
to convert casein into paracasein, the calcium salt of which is insoluble. 
Casein is usually isolated from fat-free milk by adding a dilute solution of 
a mineral acid to pH 4.6, the isoelectric point of casein, washing the pre- 
cipitated casein with distilled water, redissolving it with the aid of dilute 
sodium hydroxide, reprecipitating as before, washing the casein free from 
salts, removing the water by washing with alcohol, removing the latter 
with ether, and drying the product. The molecular weight of casein is 
33,600 (in 6.66M urea). 

Because of its low content of the sulfur-containing amino acids, casein 
is unable to meet the amino-acid requirements of growing rats unless it is 
fed at a level of 18 per cent or above, or it is supplemented with methionine. 
Industrially casein finds extensive application in the manufacture of glues,| 
paints, and plastics, and in the sizing of paper.”® 

(d) Chromoproteins are characterized by the presence of a heavy metal 
(iron, copper, manganese, vanadium, cobalt, magnesium, etc.) in the 
molecule. They may also contain a prosthetic group, particularly a por- 
phyrin group. 

Hemoglobin is the best characterized member of this group of proteins. 
It constitutes the oxygen-carrying vehicle of mammalian blood. Approxi- 
mately one gram of hemoglobin will combine with 1.36 cc of oxygen. The 
’ iron content is about 0.33 to 0.34 per cent which corresponds to a minimum 
molecular weight of about 16,000. Estimation of the molecular weight of 
hemoglobin in aqueous solution gave a value of about 67,000, or about 
four times the calculated minimum molecular weight. The structure of 
the iron-containing prosthetic group, heme, is evident from its derivative, 
hemin, obtained by dissociating heme from hemoglobin by the action of 
HCl. There are four heme groups in hemoglobin; each contributes two 
carboxyl groups to the acid groups of hemoglobin. The bonds around the 
iron may be represented schematically by 


Ni O2 Ng Ni Oo Na 
\|7 Le ee 
Fe Fe 
e vei’ 
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Resonating Forms of Oxyhemoglobin where 
Ni, No, Ng, and N, represent the pyrrole nitro- 
gen atoms of the porphyrin nucleus and the 
ring structure histidine 
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As indicated in the above formulas, the iron is bound to the globin through 
the imidazole group of histidine. The two forms of reduced hemoglobin 
may be represented schematically by 


N: :N ; N: =N 
Fett : Fett 
N N N: N 
pik aN 
—C C— —C C— 
_l | | I 
N———C— +N——C— 
H H 


Resonating Forms of Reduced Hemoglobin 


The chemical formula of carbon monoxide hemoglobin is similar to that 
of oxyhemoglobin. In both cases the bonds that unite the iron atom to 
the six surrounding groups are covalent. Carbon monoxide is much less 
easily dissociated from hemoglobin than is oxygen. 

Methemoglobin is formed when hemoglobin is treated with an oxidizing 
agent such as potassium permanganate, the chlorates, nitrobenzene, as 
well as with pyrogallol, acetanilide, and other compounds. The iron in 
methemoglobin is in the ferric state, Fe***+, whereas in oxyhemoglobin 
it is in the ferrous condition, Fett. Methemoglobin appears in both blood 
and urine when compounds such as the above are taken into the body. 

Due to the ease with which it may be crystallized, hemoglobin is best 
prepared from horse blood. The red corpuscles are repeatedly washed with 
isotonic salt solution to remove serum proteins, the corpuscles are laked 
by addition of distilled water, the stromata are removed by centrifuging, 
and the hemoglobin is crystallized at 0° after oxygenation or treatment 
with carbon dioxide. Addition of alcohol up to a concentration of about 
20 per cent facilitates crystallization.2® The isoelectric point of horse 
hemoglobin is 6.78. | 

Muscle hemoglobin.*® Of the total hemoglobin present in the body, about 
25 per cent is contained in muscle fibers and does not circulate. This frac- 
tion is termed muscle hemoglobin, or myohemoglobin. The highest con- 
centrations occur in those muscles whose complete cycle of activity is one 
or more seconds and whose action must be maintairfed over long periods 
of time. Examples of such muscles are the heart muscles of larger animals, 
the breast muscles of flying birds, and the leg muscles of running animals. 
Muscles that contract several times a second (wing muscles of flying in- 
sects) and muscles that contract intensely with a large interval of time 
between contractions contain little or no muscle hemoglobin but consider- 
able percentages of cytochrome. 

The oxygen dissociation curve of muscle hemoglobin is hyperbolic; that 
of blood hemoglobin sigmoid in shape. Muscle hemoglobin has a hed 
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higher affinity for oxygen than blood hemoglobin. Thus at 40 mm oxygen 
pressure (venous pressure) the amount of oxyhemoglobin in muscle hemo- 
globin is about 95 per cent, whereas in blood hemoglobin it is 66 per cent. 
In the case of muscle hemoglobin only about 5 mm of oxygen pressure is 
necessary to yield 66 per cent of oxyhemoglobin. Since the affinity of 
muscle hemoglobin lies between that of blood hemoglobin and the oxidases, 
it is well adapted to serve as an intermediary for taking up oxygen from 
one compound (blood hemoglobin) and giving it up to the other compound 
(oxidases). Due to extremely great affinity for oxygen, the oxidases can 
function at oxygen pressures below 5mm. At this pressure muscle hemo- 
globin has given up about 40 per cent of its oxygen and the oxyhemo- 
globin content of blood hemoglobin is about 5 per cent. Under physio- 
logical conditions muscle hemoglobin can take up and give off oxygen very 
rapidly, the times for the half reaction being 0.001 and 0.01 second respec- 
tively. Muscle hemoglobin contains only one iron atom per molecule. Its 
molecular weight is 17,500 and the isoelectric point (horse muscle hemo- 
globin) is 6.99. Details for the preparation of this protein are given by 
Theorell.*! 

Ferritin ® is an iron-protein compound that occurs in the liver, spleen, 
and marrow of mammals. It serves as a storage compound of iron. Ferritin 
consists of a protein fraction, apoferritin, which is linked together with a 
special type of colloidal ferric hydroxide, the amount of iron being about 
23 per cent. The iron in the micelles of ferritin is present in the state of 
three unpaired electrons per atom of iron which makes it possible to dis- 
tinguish it magnetically from any other form of ferric iron. When, for 
example, ferric ammonium citrate (5 unpaired electrons per atom of iron) 
is injected into a dog, the iron is converted into ferritin iron (3 unpaired 
electrons per iron atom). The iron resulting from the breakdown of hemo- 
globin is converted, at least in part, to ferritin iron. 

A few other proteins that contain iron in the prosthetic group are: 
peroxidase (Fe-protoporphyrin), catalase (Fe-protoporphyrin plus bile pig- 
ment hemochromogen), and cytochrome c. The latter compound is of 
special interest and warrants some consideration here. It is widely dis- 
tributed in tissues. Cytochrome c is a heme-protein, but it differs from 
hemoglobin in that it contains only one heme per molecule. Its molecular 
weight is about 13,000. It contains about 25 per cent lysine and 3.3 per 
cent histidine. The number of free amino and carboxyl groups suggests 
that the molecule consists of several polypeptide chains with free amino 
and carboxyl groups at each end. Two of the three imidazole groups in 
cytochrome probably constitute the hemochromogen-forming groups. The 
heme of the cytochrome is built into the protein moiety by means of thio- 
ether linkages from the side chains of the porphyrin to the protein, and by 
means of the two imidazole groups of histidine which are strongly bound 
to the iron atom on each side of the flat heme disc. The heme group is 
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probably built into a “crevice” of the protein molecule.** Since oxygen 
cannot approach the iron atom, cytochrome ¢ is not autodxidizable. Within 
physiological limits of pH it cannot form compounds with carbon monoxide 
or cyanides. In living cells oxidation of cytochrome is brought about by 
cytochrome oxidase, another heme-protein. This is probably identical 
with Warburg’s respiration enzyme. The iron is oxidized from the ferro 
to the ferri state. The reduction of cytochrome is catalyzed by cytochrome 
reductase. Cytochrome differs from hemoglobin in its low content of 
histidine. Moreover, in hemoglobin, one imidazole group is in a favorable 
position for coordination ‘with the iron atom, but the other is not. Thus 
one of the six octahedral valences of the iron atom is left free for the addi- 
tion of oxygen, carbon monoxide, etc. As indicated previously, such com- 
bination is not possible in cytochrome. 

The structure of cytochrome may be represented schematically as fol- 
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The C;H190 compound appears to be a-tertiary cyclic nitrogen-contain- 
ing base that is combined with porphyrin in the 2- or 4-position with the 
formation of a quaternary ammonium salt. The sulfur bridges appear to 
be cystine. 

The oxygen-carrying agent of certain of the lower invertebrates — crab, 
snail, octopus, and squid —is a copper-containing protein, hemocyanin. 
Unlike hemoglobin it is present in the circulating fluid and not in cells. 
In the oxygenated condition hemocyanin is blue; in the reduced form it 
is colorless. The molecular weights — 400,000 to 6,000,000 — indicate 
that there are a number of hemocyanins. Some of the larger molecular 
weights may be indicative of extensive aggregation of smaller units. In 
ascidians a vanadium-containing protein functions as the oxygen-carrying 
vehicle. 

Other examples of copper-protein complexes are laccase, tyrosinase 
ascorbic acid oxidase, polyphenol oxidase, turacin, hemocuprein and 
hepatocuprein. nf 
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The classical example of a magnesium-containing prosthetic group is 
furnished by the chlorophylls, the green coloring matter of plants. There 
are several chlorophylls, the best characterized ones being a- and 6-chloro- 
phyll whose structures are given below: 
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B-Chlorophyll 


In the above formulas phytol, C2oHs39OH, an unsaturated aiconol, is com- 
bined as an ester. Chlorophyll is combined with protein in plant tissues. 
It has been shown previously that carboxylase is a diphosphothiamine 
magnesium-protein complex. The purest preparation contained 0.46 per 
cent of diphosphothiamine and 0.13 per cent magnesium. It is not certain 


60 AMINO ACIDS AND PROTEINS 


how the prosthetic group is combined with the protein. It is possible that 
magnesium forms the connecting link although the possibilities that phos- 
phoric acid may be the connecting bridge or that combination may take 
place through the quaternary nitrogen of the coenzyme are not excluded. 

Other less well characterized chromoproteins are leucokeratin and 
melanokeratin, which are present in hair. Blond hair and finger nails con- 
tain leucokeratin, and brown hair contains largely melanokeratin and some 
leucokeratin. Red hair contains rhodokeratin. This substance contains 
iron. Ovoverdin, which occurs in the eggs of the lobster, is a carotenoid 
protein. Its molecular weight is 300,000 and its isoelectric point is 6.7. 
The carotenoid proteins play a special réle in vision. Visual purple occurs 
in the rods of the eyes of vertebrates. It is a carotenoid-protein compound. 
We may represent the function of visual purple in vision as follows: 


Visual purple 
(rhodopsin, a 
rose-colored pigment, 
+ protein) dark light 


Vitamin A + protein <———— Visual yellow 
(retinene, a yellow 
pigment, + protein) 


The action of light on visual purple gives rise to visual yellow; in the dark 
the reverse reaction occurs. In vitamin A deficiency an insufficient amount 
of visual purple is formed and night blindness occurs. It is not known how 
vitamin A is combined with the protein. In marine fishes rhodopsin and 
in fresh-water fishes porphyropsin have functions similar to that of visual 
purple. 

Metalloproteins. All heavy metals are capable of forming complex ions 
with proteins. A simple method of determining the presence of metallo- 
protein ions is by electrical transport. If, for example, a solution of cal- 
cium caseinate is placed in a three-compartment cell with platinum elec- 
trodes and a direct current is passed through the solution, it is found that 
some of the calcium ions have migrated to the negative pole and some of 
the casein ions to the positive pole. However, a certain number of nega- 
tively charged calcium caseinate ions have migrated to the positive pole. 
The latter are of the nature of complex metal-protein ions. Such ions occur 
extensively in biological fluids. For example, on filtering blood serum 
through a collodion bag, about 50 per cent of the calcium is filtrable; the 
remainder is not. The filtrable fraction represents inorganic calcium com- 
pounds, chiefly calcium phosphate, and is quite highly ionized. Its level 
is maintained by the parathyroid hormone. In hypoactivity of the para- 
thyroid gland the level of filtrable calcium drops and tetany usually results. 
On administration of parathyroid hormone by injection, the filtrable cal- 
cium fraction is increased. When the level becomes so high that the solu- 
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bility of calcium phosphate is exceeded, colloidal calcium phosphate is 
formed, and this is non-filtrable. The non-filtrable calcium fraction repre- 
sents calcium-protein complexes. The calcium is combined chiefly with 
serum albumin. In nephritis, due to loss of serum albumin, this fraction 
of calcium is decreased. When metallic electrodes can be employed, the 
presence of metal-protein complex ions may be demonstrated by measure- 
ment of the activity of the metallic ion. Silver electrodes, for example, 
may be so employed. In the presence of protein the activity of the metallic 
ion is decidedly less than in a solution of the metallic salt from which pro- 
tein is absent. 

Some of the heavy metal-protein complexes are of practical importance. 
Thus compounds of silver with casein, gelatin, egg albumin, and serum 
albumin find extensive use as mild anti-infective agents.** These solutions 
are decidedly less caustic than, for example, a solution of silver nitrate. 
Zinc * protamine insulinate is commonly used in the treatment of diabetes. 
Insulin containing radio-active zinc has been prepared.*® 

Lipoproteins are not as yet well characterized. Lecithinoproteins prob- 
ably éxist.*7 On the basis of the zwitterion structure of the phospholipids, 
such compounds may be formed, although this will depend on the particular 
phospholipid and the pH of the solution. Lecithin, cephalin, and sphin- 
gomyelin may conceivably be combined with proteins through the 


N-P= linkage. Definite proof for this is lacking. 
oe 


Derived Proteins 


By the action of hydrolytic agents such as acid, alkali, and proteolytic 
enzymes, under appropriate conditions, proteins may be partially hydro- 
lyzed. The products thus formed, except for the simple peptides, are not 
well characterized from a chemical standpoint. Simple peptides are usually 
prepared synthetically, although a number have been isolated from natu- 
rally occurring sources or from partial protein hydrolyzates. The forma- 
tion of protein derivatives may be schematically represented as follows: 


Protein —> primary proteose —> secondary proteose —>- peptone —> 
polypeptides —> simple peptides —> amino acids. 


It should not be inferred from the above that in the earlier stages of pro- 
tein hydrolysis one or more amino acids may not be set free. There is 
ample evidence that during digestion of proteins certain amino acids are 
selectively liberated. 

When only slight changes are induced in the native protein, the early 
derivative resembles the parent substance with respect to such properties 


* Most of the zinc is probably present as zinc phosphate. 
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as coagulability and salting out. Later these properties are lost. The 
primary proteoses are precipitable by half saturation with ammonium 
sulfate, the secondary proteoses only by complete saturation with this 
reagent. The peptones remain soluble under these conditions. They are 
precipitable by phosphotungstic acid. As hydrolysis proceeds, antigenic 
proteins lose their antigenic properties. The higher proteoses are usually 
toxic; the smaller molecules are non-toxic. Proteoses and peptones result 
from the action of pepsin on native proteins, although small amounts of 
amino acids may also be formed. Pepsin does not hydrolyze the keratins, 
mucines, protamines, and most peptides, although exceptions have been 
found. Some simple peptides that have been isolated from the partial 
decomposition products of proteins together with their sources are: 
elycyl-d-alanine (silk fibroin), glycyl-l-leucine (elastin), glycyl-l-tyrosine 
(silk fibroin), d-alanyl-glycine (silk), d-alanyl-l-leucine (elastin), and 
l-prolyl-l-phenylalanine (gliadin). Valylvaline has been isolated from 
gramicidin hydrolyzates.*° 

Proteins of Endocrine Origin. It has become increasingly evident that 
many of the endocrine products of animals are protein in nature. This 
makes it necessary that they be administered parenterally in order to 
obtain the desired physiological response, since on oral administration they 
are digested and thus their specific properties are lost. A possible excep- 
tion to this statement is thyroglobulin, the hormone of the thyroid gland. 
Its action depends on the presence of the amino acid thyroxine in the 
molecule and hence on oral administration of thyroglobulin its activity is 
not destroyed. However, there are opinions that there are some differences 
in the effects produced by thyroxine and by thyroid hormone. Some of 
the amino acid percentages reported on thyroglobulin are: cystine, 4.3; 
methionine, 1.3; tryptophane, 1.9; tyrosine, 3.0; diiodotyrosine, 0.7; 
thyroxine, 0.3. The content of glucosamine is 2.2 per cent. Administra- 
tion of thyroglobulin to normal animals leads to an increase in basal 
metabolism; a deficiency in this hormone is characterized by a sub-normal 
basal metabolism. 

Insulin is the carbohydrate-regulating hormone secreted by the islet 
cells (islets of Langerhans) of the pancreas. Removal of the pancreas or 
deficiency in the amount of hormone secreted is followed by hyperglycemia 
and glycosuria. The condition is termed diabetes. Treatment involves 
replacement therapy. Administration of insulin to normal animals leads 
to hypoglycemia. When the blood-sugar level is sufficiently low convul- 
sions result. Injection of epinephrine into such animals is followed by an 
elevation of the blood-sugar level by the conversion of liver glycogen to 
glucose. -The following percentages of amino acids in insulin have been 
reported: leucine, 30; tyrosine, 12.5; arginine, 3; histidine, 4; lysine, 2: 
glutamic acid, 20; cystine, 12.5; serine, 3.6; threonine, 2.7; proline, 10; antl 
phenylalanine, 1. Zinc is present to the extent of 0.5 per cent. The molecu- 
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lar weight of insulin is about 35,100 and its isoelectric point is 5.35. The 
preparation of crystalline insulin is given by Sahyun.*? 

The hormone of the parathyroid gland (parathormone) appears to be 
protein in nature. A single pure product has not yet been isolated. The 
most recent attempt to isolate the hormone *° yielded two components, one 
having a molecular weight of about 20,000 and the other a molecular 
weight of 500,000 to 1,000,000. The active principle is inactivated by acid 
and basic hydrolysis and by digestion with proteolytic enzymes, especially 
by pepsin. Ultraviolet absorption studies show the presence of tyrosine, 
phenylalanine, and tryptophane. Acetylation with ketene leads to inactiva- 
tion of the hormone. There are indications that the lower molecular weight 
fraction is responsible for the activity of this hormone. As indicated 
earlier, the parathyroid hormone functions to regulate the level of the 
filtrable calcium fraction of blood serum. 

The anterior lobe of the pituitary gland secretes at least six hormones 
that have received attention. These are the adrenocorticotropic, thyreo- 
tropic, lactogenic, growth, follicle-stimulating, and interstitial cell-stimu- 
lating. All of these appear to be proteins. Several have been prepared in 
reasonably pure form. The adrenocorticotropic hormone “ has a molecular 
weight of 20,000 and its isoelectric point lies between 4.7 and 4.8. It is 
stable at 100° in a pH 7.5 buffer solution and in 0.1M HCl but not in 
0.1M NaOH. It is quite stable to peptic digestion (87 per cent) but its 
activity is destroyed by tryptic digestion and by trichloroacetic acid. On 
the basis of electrophoretic and ultracentrifugal studies, this protein 
behaves as a homomolecular substance. The method of isolation is de- 
scribed in the references cited. This hormone stimulates the adrenal cortex 
to produce or discharge its hormone. 

Prolactin has been prepared in crystalline form.” On the basis of elec- 
trophoresis, ultracentrifugation, and solubility measurements, the product 
is homomolecular. Its isoelectric point lies between 5.65 and 5.70. The 
molecular weight is in the neighborhood of 35,000. The following per- 
centages of amino acids have been reported: tyrosine, 5.5; tryptophane, 
1.3; cystine, 3.4. The cystine content accounts for about 45 per cent of the 
total sulfur content of this protein. The biological activity of prolactin is 
destroyed by both peptic and tryptic digestion before the hydrolysis has 
proceeded to the point that the hydrolytic fragments are no longer pre- 
cipitable by trichloroacetic acid. In this respect prolactin resembles 
insulin. The hypoglycemic activity of the latter hormone is rapidly de- 
stroyed by pepsin. Prolactin is concerned with the onset of lactation in 
mammals, growth of the crop gland of pigeons, initiation of broodiness in 
the fowl, and marked diminution in the size of the active gonads of adult 
pigeons or fowl. 

Although a highly potent preparation of the growth hormone has been 
reported, the product cannot as yet be considered as meeting the require- 
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ments of a pure protein.* The hormone appears to be a globulin. A non- 
crystalline protein having marked thyreotropic activity has been isolated 
from beef pituitary glands.“ On the basis of electrophoresis, the product 
is homogeneous and of relatively low molecular weight. The thyreotropic 
hormone stimulates the thyroid gland with consequent elevation of the 
basal metabolic rate. The interstitial cell-stimulating (luteinizing) hormone 
of swine pituitaries is a protein having a molecular weight of about 90,000 
and an isoelectric point of 7.45.48 On the basis of electrophoresis, ultra- 
centrifugation, and constant solubility, this protein appears to be homo- 
molecular. The hormone stimulates the interstitial tissue of the testis or 
ovary and, on injection, leads to the formation of corpora lutea provided 
that maturing follicles are present. 


Criteria of Purity of Proteins 


It is much easier to name a protein than to characterize it chemically. 
It is difficult to make certain that a particular protein is pure and homo- 
molecular. Proteins are still often characterized by their mode of prepara- 
tion rather than by physical chemical criteria. The technique of elec- 
trophoresis has demonstrated that some proteins that at one time were 
considered reasonably pure are mixtures of closely related proteins. The 
serum globulins are a case in point. With the crystallization of many of 
the proteins a forward step in the process of purification has been made. 
However, crystallinity itself is not altogether a criterion of purity. It is 
necessary at the present time to apply as many criteria as possible to 
establish the identity and homomolecularity of a particular protein. Such 
tests as constant solubility at a particular temperature independent of the 
amount of excess protein added, osmotic pressure in different solvents, 
diffusion rate, sedimentation constant, electrophoretic mobility, and 
dielectric constant, together with chemical analysis and crystalline homo- 
geneity, when they are in agreement, can be considered for the present as 
fairly conclusive evidence of the purity and homomolecularity of a protein. 
However, the ultimate goal must be that of chemical structure. 


Amino Acid Content of Proteins 


From a nutritional standpoint ¢ especially it is important that the 
amino-acid content of proteins be established. The essential and non- 
essential amino-acid requirements of animals have been determined (a) by 
inclusion of a single purified protein in the ration, (b) by feeding mixtures 
of amino acids, (c) by feeding a protein hydrolyzate after chemical removal 


* Since this was written Li, C. H., and Evans, H. M., Science, 99, 183 (1944) have 
purified the growth hormone further and subjected the product to electrophoresis. The 
protein appeared as a single substance with an I. P. at pH 6.85. 

} See Chapter XII for a more extensive discussion of this subject. 
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of one or more of its constituent amino acids. The deficiency of a protein 
in one or more amino acids may be represented schematically as follows: 
In the word 

P—R—O—T—E—I—N 


let each letter represent an amino acid. Another protein may similarly be 
represented by the word 


R—A—T—I—O—N 


If each of the letters in the latter word represents an indispensable amino 
acid, it is evident that the protein represented by the first word is deficient 
in that it lacks the essential amino acid represented by the letter A. On 
the other hand it contains the dispensable amino acids represented by the 
letters P and H. It should be evident from the above discussion that if 
for purposes of experimentation an animal is to be maintained on a ration 
that contains only a single protein, it becomes essential that not only its 
constituent amino acids be known but also the amount of each amino 
acid, since it is necessary for purposes of maintaining body weight and 
permitting growth and reproduction that the animal be supplied quantita- 
tive amounts of each of the essential amino acids. Thus since casein has 
a fairly low methionine content, it must be fed at a level of not less than 
18 per cent to rats in order that they may grow. The proteins of the 
human diet are derived from many sources, and hence it is less likely that 
a deficiency in a particular amino acid will occur than if only a single 
protein is included in the diet. 

The amino-acid content is a determining factor in the acidic and basic 
properties of proteins. Thus proteins with a high content of arginine, 
lysine, and histidine and a low content of aspartic and glutamic acids 
possess decidedly basic properties. The converse is true unless most of 
the expected free carboxyl groups of the latter amino acids are present as 
acid amide, —CONH:, groups. The phenyl ring-containing amino acids 
appear to influence the antigenicity of proteins. Gelatin, for example, is 
non-antigenic. With the exception of small amounts of phenylalanine, it 
lacks the aromatic amino acids. Perhaps gelatin is not a fair example upon 
which to base such a generalization, since in many respects it differs from 
native proteins. However, the experiments of Landsteiner “ have defi- 
nitely shown that the immunological properties of native proteins may 
be markedly altered by acylation, methylation, and diazotization. Pro- 
teins such as gliadin from wheat and hordein from barley, which have 
approximately the same amino acid content, interreact to some extent 
immunologically, indicating that chemical makeup rather than biological 
origin is the determining factor in immunological specificity. Eventual 
chemical characterization of proteins will depend on a precise knowledge 
of their amino-acid content together with information as to the order in 


which the amino acids are linked. 
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The amino acid content of many of the naturally occurring proteins is 
not known and in other cases partial information only is available. Hy- 
drolytic methods have not yet been devised that do not lead to partial or 
complete destruction of some of the amino acids present in proteins. 
Methods for the estimation of some of the amino acids are far from precise. 
Possibly the best data are those that deal with arginine, lysine, and histi- 
dine. The above should be borne in mind in interpreting analytic data 
of proteins. The amino acid content of some of the better characterized 
proteins is given in Table 1. The figures are given to the nearest decimal. 
At times even these are without significance due to errors in determination 
and lack of purity of the protein in question. __% 

Amino Acids and Proteins as Zwitterions.” It is now firmly established 
that amino acids are zwitterions or dipolar*ions. The ionization relations 
are expressed by the equilibria 


*NH; -R - COOH = *NH;: R- COO- + Ht or R+t==~R# + H+ 
and 
H.O + NH: - R - COO- === *NH;-R-COO-+0OH- or R-===R# + OH- 


The corresponding mass law expressions are 


woper ~ 
Ka = (2 oR" and Ke = 7R*don™ 
aR aR 


where a denotes activity. In accordance with the. above equations, ioniza- 
tion of the carboxyl group takes place during the neutralization of an acid 
solution of the ampholyte, whereas ionization of the basic group occurs 
during neutralization of an alkaline solution. 

It has become customary to formulate both constants as acidic con- 
stants. The ampholyte cation is considered as a dibasic acid: 


*NHs- R - COOH == *tNH;-R-COO-+H+ or R+=— Rt + Ht 


and 
*NHs - R - COO" ==> NH: - R- COO- + H+ or R*+ = ~R-+4+ H+ 
whence 
Kym SE RE San ee Os 
apgt aRt 


When a solution of an ampholyte is placed between two electrodes and 
a direct current is passed through the solution, the ampholyte ions will 
migrate to one pole or the other, depending on whether the solution is 
acid or alkaline. However, at a pH at which the concentrations of anions 
and cations are equal, no migration occurs. This is the isoelectric point. 
Expressing the values of Ky, Ks, and J as negative logarithms, 


pl = 3(pKi + pK,) 
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If the constants are based on pH measurements, the activity coefficient of 
the hydrogen ion is included in the value of pI and those of the ampholyte 
are included in the pK values; hence the values become apparent, and the 
above equation is written as 
pl’ = 3(pK’1 + pK’2) 

The isoelectric points of the monoamino-monocarboxylic acids are not 
sharply defined but extend over a zone of several pH units. A narrow 
zone is obtained only when the values for pK; and pK are less than four 
units apart. 

If the amino acid possesses more than two ionizable groups, as in the 
case of the dicarboxylic amino acids and of arginine, lysine, and histidine, 
all the ionization constants contribute to the isoelectric point. Using K 
to denote acidic constants 





1 + 2 Kn 4 3 Kni2 Kris 
ie I [? 
bee Ratan oT 312 

Lt + 5 4 a 


Kya Bo Ky_2 


Table 2. Apparent Dissociation Constants and Isoelectric Points of Amino 
Acids at 25° 


—COOH —OH —SH =NH —NH:2 pl’ 
Alanine 2.34 9.87 6.1 
Arginine 2.02 9.04 
12.48 10.8 
Aspartic acid 2.09 
3.87 9.82 3.0 
Cysteine (30°) 1.96 8.33* 10.78* ya | 
Cystine (30°) 2 MG 7.48 
1.7 9.02 5.6 
Diiodotyrosine 2.12 6.48 7.82 4.3 
Glutamic acid 2.19 
4.28 9.66 3.2 
Glycine 2.35 9.78 6.1 
Histidine Wy 6.10 9.18 7.6 
Hydroxyproline 1.92 9.73 5.8 
Isoleucine 2.36 9.68 6.0 
Leucine 2.36 9.60 6.0 
Lysine 2.18 8.95 
Methionine 2.28 cn a 
Phenylalanine 2.58 9.24 5.9 
Proline 2.00 10.60 6.4 
Serine 2.21 9.15 5.7 
Tryptophane 2.38 9.39 5.9 
Tyrosine 2.20 10.07 9.11 5.7 
Valine 2.32 9.62 6.0 


*The assignment of values to these groups is arbitrary. The pK’s and pK’s values 
Se a at composite constants. The intrinsic acidity of the sulfhydryl group is close to 
1at of the ammonium group. The acidity o i : 
acy. Degen: ot Saeee y of each group is strengthened by the pres- 

For more complete data see Schmidt, C. L. A., “‘Chemistry of the Amino Acids and 
Proteins,” page 613, 1938 and 1944; Cohn, E. J., and Edsall, J. T., “Proteins Kati 
Acids, and Peptides,” page 184, New York, Reinhold Publishing Corp., 1948. . 


OCCURRENCE AND PROPERTIES 69 


In general an aqueous solution of an amino acid is not exactly isoelectric. 
It will only be so when K,K, = Kw. The pH of a dilute solution of any 
other amino acid without added acid or base will lie between that of its 
isoelectric point and that of water. As the concentration of the amino 
acid is increased, the pH of the solution will approach that of the isoelec- 
tric point. 

Table 2 gives the apparent ionization constants and isoelectric points 
of most of the accepted amino acids. 

Proteins as well as amino acids exist as zwitterions. The isoelectric 
points of proteins are usually more sharply defined than in the case of 
simple amino acids. Since the number of acidic and basic groups in a given 
protein are usually not equal, the isoelectric protein will not have all of 
its dissociable groups ionized as zwitterions. There will be some un-ionized 
carboxyl or amino groups, as in the case of a dibasic or diacidic amino acid. 
As seen from the data in Table 3, the isoelectric points of most native 


Table 3. Apparent Isoelectric Points of Some Proteins 


Protein pl’ 
Adrenotropic hormone 4.7-4.8 
Bence-Jones protein (urine) 5.2 
Casein (cow milk) 4.6 
Edestin (hemp seed) 5.5-6.0 
Egg albumin (hen eggs) 4.55-4.57 
Gelatin (calf skin) 4.80-4.85 
Gliadin (wheat flour) 6.5 
Hemocyanin (snail) 5.1 
Hemoglobin, reduced (horse blood) 6.79-6.83 
Hemoglobin, oxy- (horse blood) 6.7 
Hemoglobin, muscle (horse) 6.99 
Insulin (beef pancreas) 5.30-5.35 
8-Lactoglobulin (cow milk) 5.20 
Lutenizing hormone 7.45 
Myosin (rabbit muscle) 6.2-6.4 
Ovoverdin 6.7 
Prolactin 5.65-5.70 
Protamine (fish sperm) 12.0—12.4 * 
Serum albumin (horse blood) 4.88 
Serum globulin (horse boood) 5.4-5.5 
Trypsin (beef pancreas) 5.0-8.0 
Urease (jack bean seed) 5.0-5.1 


proteins fall below pH 7.0. At the pH of most of the body tissues and 
fluids in which proteins occur, the proteins exist as anions. Proteins with 
isoelectric points that lie in the alkaline region are usually combined with 
nucleic acid or with other prosthetic groups. 

At the isoelectric point amino acids and proteins are least soluble; hence 
it is customary in isolating these substances to adjust the pH of the medium 
in which they occur to the isoelectric point of the particular product to 
be isolated. The maximum yields of cystine and tyrosine are obtained by 


* The pl’ will vary with different protamines. 
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adjusting their solutions to their isoelectric points. In preparing casein 
from milk the pH is adjusted to 4.6. At this pH casein is insoluble and is 
precipitated. An excellent illustration of the influence of pH is afforded 
in the separation of certain of the amino acids from a protein hydrolyzate 
by electrical transport. Foster and Schmidt “” have shown that when a 
protein hydrolyzate is placed in the center compartment of a three-com- 
partment cell, the compartments being separated by Cellophane or similar 
membranes and the end compartments filled with distilled water in which 
carbon electrodes are immersed, on maintaining the pH of the middle 
compartment at 5.5 and passing a direct current through the cell, the basic 
amino acids — arginine, lysine, and histidine — migrate to the cathode 
compartment, the dicarboxylic amino acids migrate to the anode compart- 
ment, while the monoaminomonocarboxylic amino acids remain in the 
center compartment. On placing the solution of amino acids from the 
cathode compartment in the middle compartment of another three-com- 
partment cell under conditions similar to those described in the first experi- 
ment, except that the pH of the middle compartment is maintained at 
7.5, arginine and lysine migrate to the cathode compartment while histidine 
remains in the center compartment. This is predictable from the dissocia- 
tion curves of the amino acids. 





Percentage dissociation of certain amino acids at varying pH values. 


In addition to minimum solubility, proteins show a minimum osmotic 
pressure, minimum potential difference, minimum swelling (in the case of 
gelatin), minimum viscosity, and are combined to a minimum extent with 
acids and bases at: the isoelectric point. 

Due to their amphoteric nature, proteins can combine with acids and 
bases. From a stoichiometric standpoint it is important to know which 
groups participate in these reactions and to what extent. While the avail- 
able data leave much to be desired, they point to the fact that the acid- 
combining capacity of proteins can be ascribed to the guanidino group of 
arginine, the eamino group of lysine, and the imidazole group of histidine. 
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The base-combining capacity is due to the free carboxylic groups con- 
tributed by aspartic and glutamic acids, the hydroxyphenyl group of 
tyrosine, plus such acidic groups as may be contributed by phosphoric 
acid if present. Proteins combine with acid and basic dyes. On the basis 
of this information Craig and Wilson 4 prepared buffered solutions of 
stains in order to differentiate tissue structures to a better degree than it 
is possible when unbuffered stains are used. 


From the above limited discussion and the discussions given in the other 
chapters, it is evident that amino acids and proteins play both a unique 
and essential réle in life processes. In order to understand fully their 
manifold functions, a knowledge of their occurrence, composition, physical 
chemical properties, and behavior is essential. For more detailed informa- 
tion the reader should consult the larger texts 4° on this subject and the 
literature cited. 
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The amino acids are the building blocks from which proteins are made. 
A great many amino acids are found in nature, some twenty-two having 
been identified as constituents of proteins.1 With the exception of proline 
and hydroxyproline, they have one important feature in common: they all 
contain at least one amino group and at least one carboxyl group; and 
furthermore, these groups bear precisely the same relation to each other, 
and can be written: 
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The R-group gives individuality to the amino acid. With the exception 
of glycine, in which R is a hydrogen atom, R is a hydrocarbon chain to 
which may be attached a basic or an acidic group; or it may simply be a 
hydrocarbon chain with no reactive group. 

An important chemical property of amino acids is their ability to react 
with one another to form a peptide bond between the amino group of one 
amino acid and the carboxyl group of another. In this process a molecule 
of water is split off. 


NH: NH, 
R.-¢-C00H Re—-¢-C00H 
H aS H 
L 
Ri H 
Hooc—b— see C0 Ni 
H HW Rz 


The dotted line represents the peptide bond. 

In the simplest terms, proteins are polymers of amino acids in the same 
sense as rubber is a polymer of isoprene. The amino acids are linked through 
the peptide bond to form long peptide chains which may contain several 
hundred amino-acid residues. There is good evidence that any given protein 
molecule may be made up of several separate and distinct peptide chains.” 
A segment of a hypothetical peptide chain can be written as follows: 

O R H 


hud 
Ge 
6 ok 

Silk, one of the simplest of the proteins, actually has its peptide chains 
stretched out — substantially as shown above. Since these chains are all 
parallel, this fiber has considerable mechanical strength. Apparently all 
proteins are capable of having their peptide chains stretched provided the 
proper technique is used. Hair and wool, which are largely composed of 
the protein keratin, undergo this stretching very easily by simply placing 
a mechanical load on the hair fiber. Most proteins, however, do not exhibit 
this transformation so easily and in their natural state have their peptide 
chains folded in an intricate and as yet unknown fashion. 

Note that in the segment of the hypothetical peptide chain given above, 
the R-groups are free and unattached. These groups determine to a great 
extent the properties of a protein. If they are mostly acidic, as is the case 
with the enzyme pepsin, the protein will have pronounced acidic properties. 
Also important is the polar character of the R groups. Such chemical 
groups as —NH», —COOH, —CONH:, OH have a strong attraction for 
water; these groups are polar or hydrophilic. On the other hand, a hydro- 
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carbon chain is hydrophobic and is not water-soluble. The balance of the 
R-groups between polar and non-polar determine to a great extent the 
water-solubility of a protein. 

In addition to the amino acids, which as we have indicated are the main 
constituent of proteins, a protein may contain a group or groups in which 
there are no amino-acid residues. Such groups are called prosthetic groups. 
The classical example of such a group is the heme in hemoglobin. The 
function of the heme is well understood, but the roles of other prosthetic 
groups are obscure. In general, a prosthetic group lends stability to a 
protein. Some proteins, such as insulin, pepsin and trypsin, apparently 
contain no prosthetic group of any kind. 

Molecular Weights. Proteins show a vast range of molecular sizes. 
Since all proteins have substantially the same density, which is in the 
neighborhood of 1.34, their molecular weights offer a basis for a compari- 
son of their sizes. The molecular weights have been determined for the 
most part by the ultracentrifuge,’ although osmotic-pressure measurements 
give quite accurate values if carefully done. The ultracentrifuge subjects 
the protein to a powerful gravitational field and the protein molecules are 
thrown outward by the centrifugal force. The rate at which they move in 
the centrifugal field, along with a knowledge of the diffusion constant, 
allows the molecular weights to be calculated. Such weights range from 
about 15,000 to several million; there does not seem to be any regularity 
or system in the distribution of the molecular weights of proteins. 


Molecular Weights of Proteins 


Protein Ms Me 
Ribonuclease 13,000 13,000 a 
Cytochrome c 15,600 —_ 
Myoglobin 16,900 17,500 
Bacillus phlei protein 17,000 —_ 
Erythrocruorin (Lampetra) 17,100 19,100 
Gliadin 27,500 27,000 
Hordein 27,500 — 
Crotoxin 30,000 30,500 
Oxytocic-press or hormone 30,000 _ 
Erythrocruorin (Ehironomus) a 31,500 
Human tuberculous bacillus protein 32,000 —_— 
Erythrocruorin (Arca) — 33,500 
Bence-Jones —_ 35,000 
Pepsin 35,500 39,000 
Bence-Jones 37,000 — 
Zein 40,000 _ 
Insulin 41,000 35,000 
6-lactoglobulin 41,500 38,000 
Concanavalin B 42,000 — 
Egg albumin (hen) 44,000 40,500 
Hemoglobin (man) 63,000 — 
Hemoglobin (horse) 68,000 68,000 
Serum albumin (horse) 70,000 68,000 
Yellow enzyme 82,000 78,000 


Metakentrin 90,000 _ 
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The molecular weights of a number of proteins as determined with the 
ultracentrifuge are listed on page 75. The molecular weights designated 
by M, were found by measuring the rate of sedimentation of the protein 
molecules in the ultracentrifuge; those indicated by M,. were measured by 
a study of the distribution of the protein concentration after equilibrium 
had been reached while centrifuging at a given speed. It is a source of 
much satisfaction that the molecular sizes of many biologically important 
proteins are definitely known. The list includes proteins which act as hor- 
mones, enzymes, antibodies and respiratory enzymes. Knowledge of the 
molecular weight is basic to an elucidation of the structural pattern of the 
proteins. 

Molecular Shapes. Very little is known about the actual shapes of pro- 

Fras molecules. It is the custom to classify proteins into fibrous and globu- 
lar. The fiber proteins are those in which the peptide chains are more or 
less extended; accordingly, these show enormous asymmetries. Silk, wool, 
and collagen are examples of fiber proteins. These proteins are as a rule 
insoluble in water. The globular proteins, while not spherical, do show a 
low order of asymmetry. These proteins are usually soluble in water, and 
include egg albumin, insulin, trypsin, pepsin, the serum proteins and numer- 
ous others. The only completely unambiguous way in which the shapes 
of the globular proteins can be measured is by means of x-ray diffraction 
or by electron-microscopic studies. Both techniques are involved and 
intricate. So far the resolving power of the electron microscope has not 
been sufficient to view any but the largest of the protein molecules, and 
‘only in the case of tobacco mosaic virus have actual dimensions of the 
molecule been determined. This protein is rod-like, with considerable 
asymmetry. Due to technical difficulties x-ray diffraction studies have 
not been as fruitful in this connection as could be wished. Only in the case 
of methemoglobin do we have a clean-cut result. According to Boyes- 
Watson and Perutz," this molecule is a platelet whose dimensions are 
36 X 48 X 64 A. 

Both viscosity and diffusion studies are capable of giving approximate 
information regarding asymmetries. With both types of measurements an 
assumption has to be made regarding the shape before asymmetries can be 
calculated. It is customary to express the asymmetries in terms of either 
a prolate or an oblate ellipsoid of revolution, and it is very improbable that 
protein molecules have either shape. It is far more probable that they are 
angular solid bodies which are in the nature of molecular crystals. About 
all that can be concluded from viscosity and diffusion measurements is 
that while such proteins as egg albumin, the serum proteins, etc. are prob- 
ad not cubical, the order of asymmetries of the molecular crystals is not 
arge. 

Denaturation. It is agreed by most workers that much ean be learned 
about proteins through a study of protein denaturation. Denaturation is 
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a characteristic but ill-defined series of changes which many proteins 
undergo when subjected to a number of relatively mild physical and chem- 
ical agents. Among these agents may be mentioned heat, strong acids, 
and bases, alcohol, alkyl sulfates, urea, high pressures, surface forces, and 
ultraviolet light, as well as some salts such as lithium thiocyanate. The 
usual changes in native protein when exposed to denaturing agents are: 
(1) decreased solubility, (2) increased digestibility by proteolytic enzymes, 
(3) exposure of oxidizing and reducing groups, notably the sulfhydryl 
groups, (4) loss of enzymatic properties if the protein is an enzyme, (5) mod- 
ification of antigenic properties, and (6) decrease of the diffusion constant 
and increase of the viscosity of the protein solution. Proteins undergoing 
denaturation do not always show all the changes listed above. There is, 
however, a definite tendency for these changes to be associated. 

While a precise definition of denaturation is lacking, the term does not 
embrace changes which involve the actual hydrolysis of the peptide 
linkages. 

At the present time the most generally accepted theory of denaturation 
is that of Wu,* who proposed that the change of the native protein to the 
denatured form could be looked upon as a change from the unique and 
highly specific structure of the native to the much more random arrange- 
ment of the denatured protein. An analogy is the conversion of a crystal- 
line material to an amorphous one. As a broad picture little objection can 
be raised to this interpretation of protein denaturation. 

As we have noted above, if a protein is denatured by some such agent as| 
urea, the viscosity of the protein solution increases. There are two ways 
of explaining this increase in viscosity. The native protein molecule may 
be opened up or unfolded to become more asymmetric; an increase in par- 
ticle asymmetry is known to lead to an increase in viscosity. On the other 
hand, the protein molecule may have imbibed water and swelled. This 
likewise would increase the viscosity. Both types of action can be looked 
upon as an unfolding of the protein molecule from its native condition. 
The only question involved is whether or not the unfolding gives rise to a 
more or to a less asymmetric molecule. It is not possible as yet to arrive at 
an unambiguous decision. The changes in the diffusion constant are always 
antibatic to those of viscosity, and the same explanations as outlined above 
for viscosity changes are available to explain the general decrease of the 
diffusion constant upon denaturation. 

Let us consider the viscosity and diffusion of solutions of horse-serum 
albumin in the presence of urea. Neurath and Saum ° have studied the 
change of the viscosity and of the diffusion constant of this protein as a 
function of the urea concentration. We calculate from their data the vol- 
ume occupied in solution by the serum albumin on the basis of a spherical 
molecule by means of the Einstein viscosity equations for spherical par- 
ticles. We then compare these volumes with those calculated from the 
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Einstein-Sutherland equation for the diffusion of spherical molecules. Com- 
plete agreement would mean that the molecules of serum albumin are actu- 
ally spherical and the extent of disagreement is a measure of their departure 
from a sphere. The following table shows the results of such calculations. 


Comparison of the Spherical Diffusion Volume with the Spherical Viscosity 
Volume of Serum Albumin in Urea Solutions 


Ratio of spherical diffusion 


Conc. urea in volume to spherical viscosity 
moles/liter volume. 
0 0.81 
eay 0.86 
3.0 0.89 
4.5 0.98 
6.0 0.99 


The results of these calculations as shown above indicate that the serum 
albumin approaches a more isotropic shape as the urea concentration is 
increased, and argue against the idea that denaturation is necessarily accom-y 
panied by an increase in a molecular asymmetry. 

It has been observed that denatured proteins can be spun into fibers and 
that in these fibers the peptide chains are more or less extended and no 
extensive folding is present.” In order to achieve this extended configura- 
tion, however, some mechanical stress must be applied to the system con- 
taining the denatured protein. This does not mean that protein which has 
been denatured, let us say by urea, and has not been subjected to mechan- 
ical stress exists in an extended form. It is clear that if a peptide chain is 
extended by whatever means may be available, its natural tendency is to 
fold up again in the same manner that an extended rubber band tends to 
contract. It is true that if a bundle of peptide chains is present, cross- 
linking between the chains can hinder or prevent the folding. 

It has been noted on several occasions that many denaturing agents tend 
to produce splitting of some protein molecules. For example, urea splits 
hemoglobin and myogen into halves, but it does not split egg albumin, 
pepsin, serum albumin or serum globulin.* Those molecules which are split 
in concentrated urea solution probably possess a plane of cleavage into 
which urea can penetrate, whereas those molecules which cannot be split 
by urea involve no such plane of cleavage. 

/ The increased digestibility of a denatured protein means that the pep-, 
tide bonds are now more accessible to the proteolytic enzyme. This argues! 
for an opening up of the protein structure, whether it be by swelling or by 
unfolding. The same considerations apply to the exposure of the oxidizing 
and reducing groups. The change in the biological properties is probably 
to be accounted for on the basis of the destruction of the surface configura- 
tion of the native molecule which can be understood as resulting from 
either an increase of asymmetry or as a swelling. The decreased solubility 
of the denatured as contrasted with the native is probably due to the release 
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of the polar groups which in the native molecule formed intramolecular 
bonds and which in the denatured state are available for intermolecular 
bonding. 

If a protein is denatured by urea and the urea removed by dialysis it will 
usually be found that a fraction of the protein has returned to a condition 
which resembles rather closely that of the native protein as far as its vis- 
cosity, solubility, etc. are concerned. The properties of the reversed pro- 
tein are, however, never identical with those of the native protein. For 
example, the reversed protein shows a greater degree of digestibility by 
trypsin than does the native.’ We can conclude, therefore, that while a 
denaturing agent such as urea can and does destroy the specific configura- 
tion which is characteristic of the native protein, upon removal of the urea, 
it is possible for the peptide chains to return to a type of fold which re- 
sembles that of the native. 

By a study of the rate of denaturation as a function of the hydrogen-ion 
concentration it has been possible to conclude that the stability of the 
native protein molecule depends in large measure on the interaction of 
charged groups in the molecule.!® These charged groups are for the most 
part amino and carboxyl groups in the R-groups. Recent studies on the 
ultraviolet adsorption spectrum also indicate that in the native protein the 
tyrosine residues containing the phenolic OH group are bound, and are lib- 
erated only in rather high alkali concentration. These groups along with 
other groups are capable of forming hydrogen bonds. Hydrogen bonds are 
weak chemical bonds acting through a somewhat longer distance than do 
ordinary chemical bonds. They arise when oxygen or nitrogen atoms share 
a common hydrogen atom, the hydrogen atom serving to bond the two 
electronegative atoms. Hydrogen bonds probably play an important role 
in holding the peptide chains in a given configuration, and these bonds 
along with the purely electrostatic interaction mentioned above, are prob- 
ably crucial for the existence of the specific configuration of the native 
molecule. 

To summarize the information about proteins which has been obtained 
from denaturation studies, we can say that the native molecules exist in a 
highly ordered arrangement. This order probably resides in the specific 
folding and fitting together of peptide chains in such a manner as to yield 
a molecular crystal. 

Spread Monolayers. Before leaving the question of protein denaturation 
we must consider surface denaturation. If a drop of dilute protein solution 
is placed on a clean water surface, the protein will spread over the surface 
and completely cover it, and if the experiment has been properly done, all 
the protein will remain in the surface and none of it will go into solution. 
This surface film can be compressed by moving a glass or metal strip along 
the surface. The film can be compressed against a mica float connected to 
a torsion balance and the film pressure measured as a function of the area 
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of the film. We can then plot the film pressure against the film area. If we 
do this we find that as the film is compressed, its compressibility decreases 
until a critical pressure is reached, at which point the compressibility 
sharply increases.» It is considered that at this point of minimum compres- 
sibility the protein film is in its most compact state and that pressures 
above this cause the film to collapse. From the weight of protein placed on 
the surface and the area of the film at the point of minimum compressibility 
the area of the surface per given weight of protein can be calculated. Also, 
since we have a rough idea of the density of the protein in the film, the film 
thickness can be calculated. Most protein films exhibit remarkable simi- 
larity in dimensions. They all occupy in a compressed state from 0.8 to 
0.9 square meter per milligram of protein and are from 9 to 10 A thick. 

In order to spread on a water surface, a substance must contain exposed 
polar and non-polar groups. The polar groups are water-soluble, and bring 
about spreading, whereas the non-polar groups (hydrocarbon chains) pre- 
vent the substance from passing into solution. As we have noted, proteins 
contain hydrophobic as well as hydrophilic residues. In a spread film the 
hydrophilic groups are oriented into the water phase, the hydrophobic 
groups pointing upward. The lower surface of the film is thus hydrophilic 
and wet by water, while the surface exposed to the air is hydrophobic or 
6c oily.” 

One dramatic aspect of surface films of proteins is the speed with which 
they form. If the spreading has been done on concentrated salt solutions, 
the film can be compressed immediately after spreading and it will occupy 
the same area at the point of minimum compressibility as it does if it is 
compressed at the end of two hours. In view of the readiness with which 
proteins spread and form a surface layer it seems most probable that these 
layers must pre-exist in the native molecule. In short, the spreading of the 
native molecule involves the unleafing of layers of peptide chains in the 
molecule. 

Both egg albumin and 6-lactoglobulin form gaseous films on 35 per cent 
(NH,).SO, solutions at film pressures below 0.5 dyne. By the application 
of the gas laws in two dimensions it is possible to calculate the molecular 
weight of these two proteins in the surface films. It turns out that their 
molecular weight in the surface film is the same as in bulk solutions, and 
it can therefore be concluded that neither protein undergoes dissociation 
or association on the surface. It is also possible to estimate the area of the 
gaseous molecules, which is found to be not very much greater than for the 
most highly compressed but uncollapsed film. This indicates that there is 
extensive orientation of the side-chain residues and that the peptide chains 
do not spread apart to any great extent. 

After a protein film is spread it is possible to deposit the film on a prop- 
aes aes 3 ate ere ‘ee slowly raising the slide up through the . 

Ss been spread. It is found that such films 
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retain their power to combine with a specific antibody,” and if they are 
composed of enzymes, the surface films retain their enzymatic properties. 
If, as we believe, these biological properties are associated with the specific 
folding of the peptide chains and with the resulting mosaic pattern on the 
surface of the native molecule, then we conclude that the spread film 
retains the specific folds of the peptide chain that it had in the native state. 
This conclusion is in agreement with the hypothesis that the surface films 
of protein must pre-exist in the native molecule as leaflets. 

Molecular Structure. Significant for this discussion are the results of 
x-ray diffraction studies of Boyes-Watson, and Perutz on horse methemo- 
globin crystals. These workers determined the x-ray spacings of crystals 
of methemoglobin in the dry and in the wet condition. They conclude, as 
we have noted before, that the methemoglobin molecules are platelets 
which are about 36 A thick, 64 A long, and 48 A wide. In the crystal, the 
platelet molecules are linked with their neighbors to form coherent layers 
which remain parallel at all stages of shrinkage as drying proceeds. The 
water of crystallization is distributed in sheets between layers of protein 
molecules. The water of crystallization is thus entirely intermolecular. 
These investigators further conclude that the hemoglobin molecule is made 
up of four parallel layers of scattering matter which are a little less than 
9 A apart. These layers are not, however, penetrated by water. A layer 
structure for the globular proteins has also been suggested by Astbury," 
by Pauling,'® by Dervichean,” and by Palmer.'® 

As we have noted, some proteins such as hemoglobin split into halves in 
concentrated urea. Such protein molecules probably have a hydrophilic 
plane of cleavage in the molecule into which urea can enter, with conse- 
quent splitting of the molecule. It is not difficult to picture in a general 
way the main features of the hemoglobin molecule. Since hemoglobin 
spreads in monolayers on clean surfaces of buffer solutions, it is probable 
that the four layers of peptide chains which are indicated by the work of 
Boyes-Watson and Perutz have both hydrophilic and hydrophobic faces. 
In the hydrophilic faces are included the hydrophilic side chains of the 
amino-acid residues, while the hydrophobic faces include for the most part 
the hydrophobic side-chain residues. The hydrophilic face of the top layer 
of peptide chains is directed upward; since hemoglobin is water-soluble, 
the outer surface of the molecule must be hydrophilic. Below the first layer 
of peptide chains is a second layer, in which the hydrophobic residues are 
directed upward to yield a hydrophobic plane between the first and second 
layers of peptide chains. The second layer of peptide chains has its hydro- 
philic face directed downward and is in contact with the hydrophilic face 
of the third layer of peptide chains. This gives rise to a hydrophilic plane 
in the center of the molecule into which urea can penetrate and along which 
is the plane of cleavage of the molecule. In contact with the hydrophobic 
face of the third layer is the hydrophobic face of the fourth layer. The 
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bottom face of the molecule is again hydrophilic. The general picture of 
the molecule is thus two hydrophobic sandwiches pressed together and 
capable of being divided along the mid-hydrophilic plane. 

There is some reason to believe, however, that such proteins as egg albu- 
min, pepsin and f-lactoglobulin are not four-layer structures. Such mole- 
cules do not split in concentrated urea solutions. The writer believes that 
a two-layer structure for these proteins is in keeping with everything we 
know about them; and since this represents a simpler assumption than a 
four-layer structure, a structure consisting of two parallel layers of peptide 
chains will be tentatively accepted for these proteins. In such a structure 
the outer faces would be hydrophilic and would contain all or practically 
all the charged groups. The inner planes would contain for the most part 
the hydrophobic groups. Spreading on the surface would involve the open- 
ing of the molecule in the same manner that a book is opened. This open- 
ing, at least in the cases of egg albumin and 6-lactoglobulin, does not involve 
dissociation of the molecules. 

The thickness of all two-layer structures would be about 19 A; and since 
all or practically all the acidic and basic groups of these proteins can be 
readily titrated with acids and bases, these groups must be exposed and 
located in the outer faces of the molecule. Dielectric-constant studies indi- 
cate a very uniform distribution of these charged groups. Upon the addition 
of acid, these groups assume a net positive electrostatic charge. This net 
charge would tend to cause a horizontal expansion of the two layers with 
a resulting instability of the molecule. The same effect should be observed 
on the alkaline side of the isoelectric point and would be due to the accumu- 
lation of a net negative charge. 

Urea would be expected to penetrate between the peptide chains and 
accordingly would bring about an expansion of the peptide layers. Further 
action would lead to a disruption of the layers with a more or less random 
arrangement of the peptide chains. We have indicated our reasons for 
believing that in very concentrated urea solutions, serum albumin mole- 
cules tend to assume a shape which approaches a spherical condition. The 
alkyl-sulfated detergents probably penetrate into the peptide layers of the 
native molecule in a manner analogous to the penetration of spread mono- 
layers of protein by surface-active agents, as described by Schulman and 
Rideal.'® The hydrophobic tails of the alkyl sulfate molecules would be 
located in the hydrophobic part of the peptide layer, while their sulfated 
ae are attached to the positively charged groups of the hydrophilic 
ayer. 

Little can be said about the actual arrangement of the peptide chains in 
the layers. Close packing of the residues is no doubt present, and the 
arrangement and folds are certainly critical functions of the nature of the 
amino-acid side-chain residues as well as the locations of these residues in 
the peptide chains. 
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The theory of protein structure discussed in this paper is still tentative 
and any one who has watched the passing parade of theories of protein 
structure and who has listened to the barkers crying the virtues of their | 
wares will regard the whole affair with the cold eye of skepticism. Suchan 
attitude is a sound one. A layer structure for proteins is however in accord 
with too many of our experiences to be lightly dismissed; and while future 
work will no doubt result in modification and extensive elaboration, such 
a structure has the ring of reality. 
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Historical 


Our understanding of the chemical structure of the proteins and their 
components, the amino acids, has depended to a large extent on methods 
of hydrolysis. In 1819, Proust ! discovered leucine while investigating the 
fermentation of gluten and milk curd. In 1820, Braconnot * employed sul- 
furic acid as an agent for the breakdown of gelatin and obtained glycine. 
This is probably the first report of the use of sulfuric acid for the hydrolysis 
of proteins. In 1839, Mulder,’ 4 who was not enthusiastic over the use of 
acids as hydrolytic agents, particularly hydrochloric acid, introduced the 
method of hydrolyzing proteins by an alkali. In 1846, Liebig ° fused casein 
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with potassium hydroxide and discovered tyrosine. In 1849, Bopp ® intro- 
duced hydrochloric acid and demonstrated successfully its usefulness for 
the hydrolysis of proteins. He obtained tyrosine from casein. In 1848, 
Piria’ studied the effect of nitrous acid on asparagine and aspartic acid 
and converted them into malic acid with loss of nitrogen. This marks the 
discovery of deamination. “In 1873, Hlasiwetz and Habermann 8 intro- 
duced the novel method of hydrolyzing proteins with hydrochloric acid in 
the presence of stannous chloride. They found that the use of this reducing 
agent minimizes the formation of humin. Titanous chloride #! and zine 
dust or zinc chloride ” have been used for the same purpose. 

It is therefore obvious that we can obtain amino acids from proteins by 
the following hydrolytic methods: (1) by acids, (2) by alkalies, and (3) by 
enzymes. Each of these methods has its advantages and disadvantages. 
There is as yet no perfect method for hydrolyzing proteins. 


General Considerations 


The treatment of a protein with an acid at ordinary room temperature 
is not sufficient to bring about complete breakdown of the protein molecule 
into its components. The following rules for hydrolysis by an acid or by 
an alkali must be observed. 

Concentration of Acids and Alkalies. In most instances in the literature, 
the amounts of acids and of alkalies used have been reported in percentages. 
This is indeed unfortunate, for it is obvious that acids and alkalies contain 
certain amounts of impurities as well as variable amounts of water. Thus, 
the exact concentration of sulfuric acid or hydrochloric acid used to hydro- 
lyze proteins by Braconnot,? Bopp,® Hlasiwetz and Habermann,’ and by 
more recent investigators was probably not identical with the concentra- 
tions we are now using in our laboratories. Furthermore, even in one’s own 
laboratory, when a bottle of concentrated sulfuric acid is once opened and 
not properly stoppered, the acid will take up a certain amount of water, or 
when a bottle of concentrated hydrochloric acid is once opened, the con- 
centration of acid does not remain the same. Also some hydrochloric acid 
is lost during boiling. Alkalies, such as potassium hydroxide and sodium 
hydroxide, absorb carbon dioxide as well as a considerable amount of 
moisture. Therefore, if one wishes to perform accurate hydrolysis and be 
in a position to duplicate his own results, it is necessary to express the con- 
centration of acids and alkalies in terms of normality. 

The choice of an acid or an alkali depends considerably on the nature of 
the protein, and on the particular amino acid that an investigator wishes to 
isolate. As an example, for the preparation of cystine the use of an alkali 
or of hydrochloric acid with stannous chloride is not suitable for the hydrol- 
ysis of hair or wool. The hydroxide destroys cystine and the presence of 
stannous chloride in hydrochloric acid reduces eystine to cysteine. On the 
other hand, if one desires to prepare diiodotyrosine or thyroxine, he should 
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employ an alkali, such as barium hydroxide, as a catalytic agent. (See 
Chapter I.) 

Concentration of Proteins for Hydrolysis. Whether we select an acid or 
an alkali as a hydrolytic agent, it is desirable to specify not only the amount 
of acids or of hydroxides but that of the proteins in the volume of the final 
mixture. The conditions that govern the rate of hydrolysis of. proteins 
must be in accord with the Law of Mass Action. The law states that the 
velocity of a reaction at constant temperature and pressure 1s proportional to 
the product of the concentration of the reacting substances, the concentration 
being expressed in gram molecules per liter. It is, therefore, obvious that for 
constant and accurate results, the concentration of the catalytic agent as 
well as that of the substrate must be known. For example, a mixture con- 
taining one gram of casein in 100 cc 5N sulfuric acid can be hydrolyzed by 
boiling in much shorter time than a mixture containing 10 grams of casein 
in 100 cc 5N sulfuric acid under the same conditions. It is advisable to 
avoid boiling of proteins in acids or in alkalies beyond the time required 
for the completion of hydrolysis, as some amino acids may be partially 
destroyed or racemized. 

Rate of Hydrolysis. Dunn * investigated the rate of hydrolysis of casein 
by acids and on the basis of a single series of measurements reported that 

‘it fitted a first-order reaction. Greenberg and Burk” studied the hydroly- 
sis of gelatin, gliadin, and silk fibroin by different concentrations of hydro- 
chloric acid and sulfuric acid. Their data indicated that the rate of 
hydrolysis of these proteins as measured by the increase in amino nitrogen 
/was that of a second-order reaction. They also showed that the catalytic 
action of acids on protein hydrolysis is proportional to the thermodynamic 
activity of the hydrogen ion. Nasset and Greenberg *> reinvestigated the 
acid hydrolysis of casein and found that its rate conformed to the equation 
for a second-order reaction: 

1 ay 1 
Sac 100d 
in which x represents the percentage of protein hydrolyzed in time t. 

Effect of Temperature and Pressure. Obviously the higher the tem- 
perature, the faster is the rate of hydrolysis. The general procedure 
that has been handed down to us has been to boil and reflux the mixture 
containing the catalytic agent and the protein until the reaction is com- 
pleted. The rate of hydrolysis can be speeded up if the same mixture is 
heated under pressure. Again, it is preferable not to continue hydrolysis 
beyond the time required for its completion. 

Hydrolysis of proteins by acids or by alkalies under steam pressure in an 
autoclave has decided advantages over hydrolysis by boiling and refluxing. 
Greenberg and Burk * studied the effect of temperature on the rate of acid 
hydrolysis of gelatin and demonstrated that the velocity constant is a func- 
tion of temperature and can be expressed by the following equation: 

Log K, = 0.0287 T — 5.30 
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in which K, refers to the velocity constant at unit activity and T is ex- 
pressed in degrees centigrade. 

It is therefore obvious there is considerable economy in time and mate- 
rial when we hydrolyze proteins by acids or alkalies under steam pressure 
and at an elevated temperature. 

Completion of Hydrolysis. Hydrolysis of a protein is judged complete 
when the peptide linkages are entirely broken. This is rather difficult to 
determine accurately. The biuret test, which is indeed useful and exten- 
sively employed for the purpose of detecting peptide linkages, is not con- 
clusive. The following amino acids give positive biuret tests: histidine, 
serine, and threonine. Thus, it can be seen that a positive biuret reaction 
is not specific for a peptide linkage. The best method recommended for 
determining the completion of hydrolysis of a protein, is the estimation of 
total a-amino-nitrogen and total nitrogen and the establishment of the 
a-Amino-N | 

Total N 
following amino acids, arginine, histidine, lysine, tryptophane and cystine, 
then on digestion its total nitrogen is equivalent to total a-amino-nitrogen 
and the ratio is 100.* In view of the common occurrence of most of these 
amino acids in proteins, values for a-amino-nitrogen are constantly lower 
than those for total nitrogen, and the ratio is less than 100. It therefore 
becomes desirable to establish a definite ratio for each hydrolyzate of a 
particular protein. 

Humin. The consensus of opinion concerning the origin of humin is that 
it is formed by the condensation of tryptophane with an aldehyde. Gortner 
and his co-workers pointed out that most proteins contain either an alde- 
hyde group or some other group that reacts like an aldehyde. On the other 
hand, it is difficult to obtain carbohydrate-free proteins. There is also a 
possibility that tyrosine in the presence of traces of metals, such as iron, 
may also give rise to the formation of humin. It is believed that melanin 
is obtained from tyrosine by the action of tyrosinase. The hypothesis that 
the amount of tryptophane in a protein is proportional to the humin formed 
by the acid hydrolysis awaits confirmation. 

Ammonia. When a protein is completely digested by an acid and sub- 
sequently made alkaline, ammonia is liberated and can be quantitatively 
recovered by distillation. For its estimation it is advisable to use mild 
alkalies such as calcium oxide or magnesium oxide. The source of this 
ammonia is believed to be the acid amide — CONH: groups of the dicar- 
boxylic acids, aspartic and glutamic. In many instances it is referred to as 
amide nitrogen. Gortner and Holm * reported that all of the amide nitro- 
gen in a 24-48-hour hydrolysis was not derived entirely from acid amide 
linkage. These investigators were of the opinion that some ammonia 
resulted from deamination of the amino acids. They based their theory on 


* According to Dunn * glycine and cystine yield more than 100 per cent amino 


ratio: If the constituents of a protein are free from any of the 


nitrogen. 
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the results théy obtained following the treatment of an ammonia-free 
hydrolyzate of protein with 20 per cent hydrochloric acid, and boiling the 
mixture for 13 days. They reported a considerable amount of ammonia. 

I. Hydrolysis by Acids. The most common catalytic agents are sulfuric 
acid and hydrochloric acid. Other acids have also been investigated. 
Baernstein 2” hydrolyzed proteins with 57 per cent hydriodic acid in the 
presence of dihydrogen phosphate. Miller and du Vigneaud ** employed 
a mixture of hydrochloric acid and formic acid for the hydrolysis of insulin 
protein. Sullivan and Hess *! and subsequently Hess and Sullivan *® used 
titanous chloride in the presence of hydrochloric acid and repesrted that 
this mixture hydrolyzes proteins with the formation of ittid humin and 
with a shortening of the time of hydrolysis. 

Phosphoric acid, acetic acid, and acetic anhydride are not sufficiently 
strong acids to break the molecule of protein intoits constituents. Lactic acid 
and gluconic acid were investigated by the writer. They are not suitable. 

Sulfuric Acid. This was the first acid used for the hydrolysis of proteins. 
Its advantages were recognized by the early investigators of protein chem- 
istry, for the simple reason that its anions can be almost entirely removed, 
by the cations of calcium oxide or of barium hydroxide. Its main draw- 
back is that the voluminous precipitates of calcium sulfate or of barium 
sulfate retain or adsorb a certain amount of the constituents of the digested 
proteins. Thus, for accurate quantitative estimation of the individual 
amino acids, it may be advisable to use hydrochloric acid. oa 

Hydrochloric Acid. On account of the difficulties encountered in the 
removal of its anions, this acid was not widely used until the early part of 
this century, when Fischer! * introduced his method of esterification of 
amino acids. It is a very efficient catalytic agent and is preferred to sul- 
furic acid by numerous investigators. 

Certain Disadvantages of Acid Hydrolysis. Hydrolysis of proteins by 
sulfuric acid or by hydrochloric acid leads to the destruction of tryptophane 
and the possible dismutation of a certain amount of cystine, serine, thre- 
onine, and the dicarboxylic acids.* With the exception of zein and pepsin, 
most proteins, when boiled with either of these strong catalytic agents, 
yield a black or brownish-black substance termed melanin or humin. 

Example. The following is an example for the hydrolysis of casein by 
sulfuric acid under pressure.”2 

Into a 20-liter Pyrex bottle containing 14 liters of 5N sulfuric acid intro- 
duce 2 kg of casein and mix intimately. Cover the bottle with a piece of 
cheesecloth_and place it in an autoclave, gradually increasing steam until 
the pressure reaches 15 pounds per square inch and an inside temperature 
of about 120° C. Autoclave for 16 consecutive hours, then gradually release 
af, an pressure, remove the acid hydrolyzate and cool. Add calcium 
es C2, a nee until the reaction is approximately pH 10.0. Adjust 

of the alkaline mixture to about 30 liters by the addition of dis- 
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os 
tilled water. Stir thoroughly and filter. Return the calcium sulfate pre- 
cipitate to the original container and add to it about 10-12 liters of hot 
distilled water; stir for about 30 minutes and filter. Combine the filtrates 
and concentrate in vacuo to a volume of about 10 liters. Saturate the 
ammonia-free filtrate with carbon dioxide and cool in a refrigerator. Most 
of the calcium is removed as calcium carbonate. Filter and add enough 
oxalic acid to precipitate the remaining calcium ions. To avoid the pres- 
ence of oxalic acid, it is preferable to have a slight excess of calcium ions. 
Heat the filtrate to about 60° and carefully add just enough barium hydrox- 
ide to remove all but a trace of sulfate. Filter while hot. Determine the 
total nitrogen and a-amino-nitrogen and concentrate the hydrolyzate, in 
vacuo, to the desired volume, so that total nitrogen is about 2.1 per cent. 
(This represents a concentration of 15 per cent amino acids.) The hydroly- 
a-Amino N_ 
Total N 

For parenteral administration, add one per cent tryptophane in proportion 
to the amino acids present. Filter through a clarifying pad and sterilize by 
passing the mixture of amino acids through a sterile Berkefeld filter. 

II. Hydrolysis by Alkalies. Hydrolysis of proteins by such catalytic 
agents as sodium hydroxide, potassium hydroxide, and barium hydroxide 
is limited in its scope, despite the fact that proteins are completely hydro- 
lyzed to their constituents. Recently Steinhardt and Fugitt !* reported on 
the use of certain wetting agents, the sulfonate half-esters of organic acids, 
as hydrolytic agents for proteins. This is indeed a new method of approach 
and merits further consideration by investigators in this field. However, 7 
these reagents do not appear to hydrolyze the protein completely. 

Barium hydroxide has been widely used for the isolation of thyroxine 
from thyreoglobulin and for the preparation of iodogorgoic acid from 
sponges and the skeletons of certain corals. The main advantage that 
hydroxides have over acids is that they do not cause the formation of 
humin. Thus, according to reports, they do not destroy tryptophane. 
Thyroxine and iodogorgoic acid are not affected by their catalytic action. 
On the other hand, they. cause complete or partial decomposition of cystine, 
arginine, and lysine. 

When a protein is hydrolyzed by an alkali, its constituents, with the 
exception of glycine, are racemized. Those interested in preparing amino 
acids from proteins for the purpose of feeding experiments should realize 
that not all the racemic amino acids are utilized by the animal. A discus- 
sion on the utilization of racemized amino acids is found in Chapters IX 
and X on metabolism and in Chapter XII on the réle of amino acids in 
nutrition. 

III. Hydrolysis by Enzymes. Hydrolysis of proteins by enzymes cannot 
be adequately covered in this review. We can only present a brief outline. 
Those who are interested in pursuing this subject at greater length should 


zates are tryptophane-free and have a ratio of about 82 for 
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consult treatises on enzymes, some of which are listed in the bibliography 
at the end of this chapter. 

Those enzymes that are capable of catalyzing the hydrolysis of proteins 
are termed proteolytic enzymes. They are numerous and abundant in 
nature. Some are obtained from animal organs and some are of vegetable 
origin. We have already learned in Chapter II and Chapter III that pro- 
teins consist of large molecules. When these molecules are attacked by 
acids, by alkalies and by enzymes, they are not decomposed directly to 
simple amino acids. Their degradation products follow a definite pattern: 
Protein —->~ Proteoses —-~ Peptones —~>~ Peptides —-~~ Amino Acids. 
Some amino acids are liberated much sooner than others. 

Schulze and co-workers were the first to study the action of vegetable 
enzymes on proteins. Subsequently, Kiihne, Chittenden, Kossel, Kutscher, 
Drechsel, Willstitter, Waldschmidt-Leitz, Northrop, Sumner and many 
others contributed largely to our knowledge of the chemistry, behavior, 
preparation and mode of action of these complicated substances. It has 
been the consensus of opinion that in vitro the hydrolysis of proteins by 
enzymes is never complete. Dunn and Lewis !° studied the action of pep- 
sin, trypsin and erepsin on casein and reported that after prolonged di- 
gestion they obtained almost a complete degradation of protein to amino 
acids. The writer reinvestigated this problem and was able to substantiate 
Dunn and Lewis’s findings. A brief summary of Sahyun’s unpublished 
data on the hydrolysis of casein by trypsin, then by erepsin, and finally by 
erepsin and activators is as follows: 


a-Amino N Hydrolysis 
Total N (Per cent) 
Tryptic digestion of casein 47-52 57.5-63.5 
Ereptic hydrolysis of tryptic digest 71-72 86.5-87.5 
Ereptic hydrolysis of tryptic digest plus activators 75-76 91.7-92.0 
Completion of hydrolysis with acids 82 100.0 


Data for per cent hydrolysis are calculated by dividing the ratio of the 
enzymic hydrolyzate by that of the acid hydrolyzate. 

In one experiment, however, the writer found that the a-amino N of one 
digest approximated that of an acid hydrolyzate, but unfortunately, the 
substrate was found to be contaminated with microdrganisms and there was 
unmistakable evidence of putrefaction. 

Enzymes that are capable of catalyzing the hydrolysis and the degrada- 
tion products of proteins have, for many years, been classified according 
to the degree and complexity of their substrates. Those that can attack 
the high-molecular proteins are pepsin, trypsin, cathepsin, papain, ete. 
They are termed proteinases. Those capable of splitting the degradation 
products of proteins, such as peptides, to still smaller fragments are called 
peptidases. ‘Thus, there are dipeptidases, tripeptidases, and polypeptidases, 
and these as a rule hydrolyze peptides to simple amino acids, 
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Hydrolysis of proteins by enzymes must be carried out under specific 
conditions. An intimate knowledge must be acquired of the potency of the 
enzyme, its activation and inactivation, its specificity, the acidity of its 
optimum catalytic effect, and the temperature. 

The optimum pH for the activity of certain proteolytic enzymes is worth 
noting. Pepsin acts best at pH 1.5 and hydrolyzes proteins to proteoses 
and peptones. Pancreatic trypsin requires an alkalinity of pH 7.8-8.0 and 
slowly catalyzes the hydrolysis of some proteins, preferably if denatured 
by heat, and more readily proteoses and peptones to peptides and amino 
acids. Papain, which is derived from the latex of Carica papaya, hydrolyzes * 
most proteins, proteoses, and peptones to peptides and amino acids and , 
requires a pH of about 7.0.°° Erepsin, which at one time was considered a 
single enzyme, is now known to consist of several peptidases that can cata- 
lyze the hydrolysis of peptides to simple amino acids at about pH 7.0. In . 
the opinion of the writer, the optimum activity of erepsin is at about 
pH 7.5. 

The mild conditions of acidity and alkalinity and of temperature under 
which proteolytic hydrolysis proceeds is of considerable advantage in 
investigations of the amino acids content of proteins. This is of particular 
interest when it is desired to obtain the natural unracemized amino acids 
without subjecting them to the drastic action of strong acids and alkalies. 

Example.* Tryptic Digestion. Into a suitable vessel containing about 
700 ce of distilled water and 10 ce of chloroform, introduce 100 grams of 
casein, stir and add enough 5N sodium hydroxide to make the reaction 
definitely alkaline to phenolphthalein. Then add 0.5 gram of active pan- 
creatin (potency 1:300) suspended in about 100 ce of water and continue 
stirring for an hour. Readjust the alkalinity of the mixture to pH 8.0 by 
careful addition of sodium hydroxide. Bring the volume of the mixture to 
1000 ec. Mix intimately and place the contents in an Erlenmeyer or 
Florence flask. Add enough toluene (25-30 cc) so that a thin layer of the 
preservative remains on the surface after shaking. Stopper the container 
(cork is preferable to rubber) and incubate at about 37° C. On the follow- 
ing day determine the alkalinity of the mixture by means of a glass elec- 
trode and adjust to pH 7.8 to 7.9 by the addition of more sodium hydroxide. 
Shake well at least once a day without opening the flask. After 4 days, add 
another 500 mg of pancreatin (potency 1:300) and check the alkalinity. 
It should be about pH 7.8. Mix well. If most of the toluene has evaporated, 
add another 10-15 cc to insure the presence of a thin layer over the surface. 
Incubate for another 4 days. After an overall incubation of 8 days, deter- 
mine the a-amino nitrogen and total nitrogen. The ratio should be about 
48, provided active pancreatin is used and the hydrolysis is complete. 
Further addition of trypsin and incubation has little, if any, effect on 
digestion. ‘ 

* From unpublished data by Melville Sahbyun. 
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Ereptic Digestion. Adjust the acidity of the tryptic digest to pH 7.6 and 
add 5-10 grams of defatted, minced, fresh, small intestines, selecting the 
first 6-8 inches of the jejunum. (This organ should be rapidly washed with 
cold distilled water prior to mincing). If the addition of an activator is 
desired, 2 cc of 0.10M manganese sulfate-per 100 cc should be added to the 
mixture. Incubate for 2 or 3 days. Determine the a-amino nitrogen and 
total nitrogen. When a ratio of about 75 is obtained, further addition of 
erepsin has no effect. 

For the preparation of a sample of hydrolyzate for the modified formol 
titration, the following procedure was found suitable: Remove a sample of 
50 ce and acidify with sulfuric acid to about pH 3.5. Add enough water to 
bring the volume exactly to 100 cc. Mix well and heat the mixture to about 
50-60° C. Insoluble matters, such as undigested casein, flocculate and the 
clear filtrate of the hydrolyzate is obtained. Determine the a-amino 
nitrogen and total nitrogen and multiply the result by two to correct for 
dilution. 

Hydrolysis of Casein by Enzymes * 


perl Enzymes oan S Hydrolysis 

Trypsin Ratio Per cent 
1 as 32.9 40.0 
2 r 38.8 47.5 
5 S 45.0 55.0 
6 oh 45.7 56.0 
i is 47.5 58.0 
8 fe 48.4 58.9 


The tryptic digest was acidified, filtered, adjusted to pH 7.6 and diluted so that 
1 cc contains 5 mg N, and analyzed. 
3 


Trypsin 48.6 59.3 

9 50.5 61.5 
Erepsin was added and samples incubated for 2 days. 
ui Erepsin 71.0 86.5 
12 71.5 87.0 
After the 12th day 2 cc of 0.1N manganese sulfate was added. 
13 75.5 92.3 
14 No further change. 
14 Control. No manganese sulfate added. 72.0 87.7 
Hydrolysis of enzymic digest with sulfuric acid. 82.0 100.0 


Formol Titration. a-Amino nitrogen can be accurately determined by 
the modified formol titration method of Sérensen. This method has been 
used by the writer since 1935, and is similar to Dunn and Loshakoff’s 
method.” Introduce 10 ce of the ammonia-free casein digest into a suit- 
able titration flask and adjust the acidity to exactly pH 6.0. At this pH 
the digest has practically no buffer effect. Therefore, care must be exer- 
cised in the addition of acid or alkali. Add 10 ce of 37.5 per cent formalde- 
hyde (C.P.) and 0.5 ce of phenolphthalein. The addition of the indicator 
is merely used as a guide. *From a calibrated burette titrate against 0.2N 


* From unpublished data by Melville Sahyun. 
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sodium hydroxide exactly to pH 9.0 (using a glass electrode for pH deter- 
mination). Measure the exact amount of 0.2N sodium hydroxide added 
and subtract from it the equivalent of the standard alkali required to titrate 
10 ce of formaldehyde in water (control). Multiply the difference by 2.8. 
The result represents the amount of a-amino nitrogen in the sample. 
Example. Assuming that 10 ec of formaldehyde required 0.6 ce of 0.2 
normal sodium hydroxide and 10 ce of the hydrolyzate required 25.6 cc of 
0.2N sodium hydroxide, then 25.6 — 0.6 = 25 cc 0.2N NaOH. 25 cc X 


2.8 = 70 mg a-amino nitrogen per sample. Since 10 cc of hydrolyzate was 
used, then there are {7f = 7 mg a-amino nitrogen per 1 cc. 
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SYNTHESIS OF AMINO ACIDS 


A wide variety of general and special methods for preparing amino acids 
has been developed during the past hundred years. The object of this 
section will be, not to cover the literature in detail, but rather to outline 
the useful methods, indicating the principles involved, and pointing out 
the advantages and disadvantages, and any unusual features of each of the 
reactions. No attempt will be made to list all the amino acids prepared by 
any particular method. However, the important applications of each will 
be listed and the best methods for preparing each of the naturally occurring 
amino acids will be summarized at the end of the section. For further detail 
the reader is referred to the excellent reviews on synthesis and reactions of 
amino acids which have appeared in the last five years.!:?:3 Excellent lab- 

94 


SYNTHESIS AND ISOLATION OF AMINO ACIDS 95 


oratory directions for the preparation of many of the amino acids are given 
in Organic Syntheses. 


I. Amination of a-Halogen Acids 
eae + NH; —> R—CH—CO.H + NH,:- X 
x NH, 


One of the oldest and most general methods of preparing amino acids 
consists of treating an a-halogen acid with ammonia. a-Bromo acids are 
most often used since they are readily prepared and are more reactive than 
a-chloro acids. Furthermore, ammonium bromide is separated from amino 
acids more readily than is ammonium chloride. A wide variety of condi- 
tions has been employed for the amination. The ammonia is usually sup- 
plied in the form of concentrated ammonium hydroxide, although ammonia 
in alcohol has also been used. Cheronis and Spitzmueller * reported that 
the addition of ammonium carbonate to the ammonium hydroxide gener- 
ally improved the yield. In any case a large excess (10-15 moles) of am- 
monia is used in order to decrease side reactions such as formation of a sec- 
ondary amine and hydrolysis of the bromo acid to an a-hydroxy acid. 
The reaction conditions vary from standing at room temperature to heating 
in a bomb at 100° C or above. 

The yields in this reaction are usually good. Separation of the ammonium 
salt from the amino acid occasionally causes difficulty. In the earlier liter- 
ature this was accomplished by treating the reaction product with silver or 
lead oxide to remove the halide followed with hydrogen sulfide to remove 
excess silver or lead. This method is unsatisfactory and should be avoided 
if possible. Ammonium bromide is moderately soluble in aqueous alcohol, 
ammonium chloride somewhat less so. It is often possible, therefore, to 
remove the ammonium halide by recrystallizing the amino acid from 
aqueous alcohol.*: ®7 In other cases the insolubility of ammonium halides 
in glacial acetic acid has been utilized in purifying amino acids,* many of 
which are soluble in this acid.® 

This method of preparing amino acids is useful, of course, only when the 
necessary a-halogen acids are readily available. Aliphatic a-bromo acids 
are prepared by direct bromination of the corresponding fatty acid.® § 


PCls 
R—CH,—CO.2H + Br, —> R—CH—CO.H + HBr 


r 


In other instances the corresponding malonic acid is employed.*:* Because 
of the much greater ease of bromination of this type of compound it is pos- 
sible to prepare bromo acids containing groups which would themselves be 
brominated under more drastic conditions. 
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CO.R CO:H 
R—CH:X —> R—CH:—CH —_ RCH, cf 
CO.R CO.H 


CO.H CO.H 
ra Br2 oo 
R—CH;—CH —> R—CH.,—_C—-Br —~> ch te 
CO.H CO.H Br 


Glycine,!® valine,® leucine,® isoleucine ® and phenylalanine” are obtained 


in good yields by this method. 
Special methods of preparation of a-bromo acids have been developed 
in the synthesis of more complex amino acids. Thus threonine is prepared 


as shown in the following equations: ™ 


CH;CH=CH—CO.H + CH;0H + Hg(OAc). 





—> CH;CH. eae ges 
CH; HgOAc 
KBr KBr 
a i bei eat PAG OE 
T2 
| OCH; HgBr OCH; Br 


NH; HBr 
—> CH;CH——_CH——-CO.H —> a a a as 
OCH; NH: OH NH, 


The two possible racemic forms (dl-threonine and dl-allothreonine) are 
obtained in these reactions and are separated through their N-benzoyl-O- 
methyl derivatives.” Serine may be obtained in a somewhat similar man- 
ner,'* or more simply as shown below: 








CH.=—CH—C0O.CH; —> CH:—CH—CO.CH; —> CH; CH—CO,;CH; 
Brasher OC2Hs Br 
—> CH.:——CH—CO0.H —> CH; CH—CO.H 
OC.H; Br OC;H; NH» 
—> CH:—CH—CO,.H 
OH NH, 


II. Strecker Synthesis 


The Strecker synthesis provides a method of converting an aldehyde (or 
ketone) to an amino acid with one more carbon atom: 
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5 pio . 

OH 
HCN NH; 
RCHO 1 aioe. — ih wiocee 
NH, NH 
SN ye ; 

Aone 

NH, 


This reaction has been carried out in a variety of ways. The aldehyde in 
water, alcohol, or ether may be treated with ammonia or ammonium salts, 
followed by hydrogen cyanide or sodium cyanide. Or the cyanohydrin may 
be formed first and then treated with ammonia. In either case an amino- 
nitrile is formed and is hydrolyzed directly to the amino acid by refluxing 
with strong acids or strong bases. 

There are several disadvantages to this method. The necessary alde- 
hydes are readily available in. only a few instances. The yields are often 
poor, since the aldehyde tends to undergo side reactions. Hydrogen cya- 
nide, of course, must be handled with extreme caution. In order to avoid 
its use mixtures of sodium cyanide and ammonium chloride have been 
employed. Such a procedure, however, introduces the problem of separat- 
ing the amino acid from sodium chloride. Cocker and Lapworth © made 
several improvements in the Strecker synthesis. More recently Bucherer 
et al.!® reported that an excellent yield of hydantoin is obtained if the reac- 
tion is carried out in the presence of ammonium carbonate. The hydantoin 
is readily isolated from the reaction mixture and may be hydrolyzed to the 
amino acid in a second step: 

(NHa4)2COs 





RCHO —> RCH—CN ————> Hat ie 
NH, NH—CO—NH 


—_ ent 
NH, 

Despite these improvements and modifications, the Strecker method is 
rarely used except in the synthesis of glycine ” and alanine.'* In the former 
case an excess of formaldehyde is used and the aminonitrile is isolated as a 
crystalline formaldehyde condensation product," thus facilitating isolation 
of the amino acid in the final step: 

2 HCHO + NaCN + NH,Cl—> CH;=N—CH:—CN 


H2SO.4 Ba(OH):2 
—> CH,—CN a CH,—C0O.H 


| 
NH:-H:SO, NH: 
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a-Aminoisobutyric acid 2° is prepared from acetone by the Strecker 
synthesis. 


III. Condensation of Aldehydes with Glycine Derivatives 
Aldehydes condense with a variety of glycine derivatives to give unsat- 
urated compounds which are converted into amino acids by reduction and 
hydrolysis: 
Ar—CHO + CH.—C=0 —> Ar—CH=C—C=0 —> Ar—CH,;—CH—-C=O 
| >, ea | *. 
N N N 
Pike eR AAS, 
_ Ar—CH,CH—CO.H 
NH: 


Perhaps the most useful of these reactions is the so-called ‘‘ Erlenmeyer 
Azlactone Synthesis.”’ In this reaction an acyl derivative of glycine (usu- 
ally benzoyl or acetyl) is heated with the aldehyde, acetic anhydride and 
sodium acetate. The acylglycine is converted into an azlactone which has 
an extremely active methylene group and condenses rapidly with the alde- 
hyde to give an unsaturated azlactone. . 





AO RCHO 
CH,—CO.H ——> CH,——-C=0 ——> RCH=C———-C=0 
NaOAc | | AcO | P 
NH N O NaOAc N 
\ \ 

bo_r oO ES of 

| | 

R R 


The azlactones are readily isolated from the reaction mixture and may 
be converted into the corresponding amino acids in several ways as shown 
in the equations: 


| sa at a 
R-cH=¢—|_0=0 —> R—CH+=C—CO0.H—>R—CH2—CH—CO,H 
| 


N O NH NH 
ee | | 
, re CO 
Ry R b 


I II Ill 





R—CH.—CH—CO,H 
NH, 
IV 


The azlactone (1) is hydrolyzed to the corresponding acylaminoacrylic 
acid (II) by alkali. Reduction of the double bond in either I or IT may be 
effected with sodium amalgam,?! red phosphorus and hydriodie acid in a 
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mixture of glacial acetic acid and acetic anhydride,”: * or catalytically, 
using platinum as the catalyst.%: *° The second reagent, under the proper 
conditions, hydrolyzes the acylamino acid at the same time so that it is 
possible to go directly from an azlactone or acylaminoacrylic acid to the free 
amino acid. 

The usefulness of this reaction is limited by the fact that aliphatic alde- 
hydes do not give good yields in the condensation, since they tend to react 
with themselves rather than with the azlactone, and that ketones, with the 
exception of acetone, do not undergo the condensation. In the case of aro- 
matic aldehydes the yields are generally excellent, and this method has 
given satisfactory results in the preparation of phenylalanine,?>: 7° tyro- 
sine,” 25 thyroxine,” and a variety of amino acids related to thyroxine. 

Tryptophane ” and histidine ?* have been prepared by the azlactone 
synthesis. However, the method is only moderately satisfactory in these 
cases due to the difficulty of obtaining the necessary aldehydes. 6-Indole- 
aldehyde is prepared by treating indole with chloroform and potassium 


hydroxide: 
. VA CH CHCch 7 C—CHO 
eee: 
\ wo \ ae 


H H 


As the yield in this reaction is only 30 per cent, the method of Snyder 
and Smith (described later) which avoids the use of 6-indolealdehyde as an 
intermediate, is a much superior one for the synthesis of tryptophane. 
Imidazolealdehyde is obtained from citric acid by a six-step procedure which 
is quite tedious and laborious. Other glycine derivatives, such as hydan- 
toin,?? acetylthiohydantoin,”* and diketopiperazine,*° also condense readily 
with aromatic aldehydes to give unsaturated derivatives which may be 
reduced and hydrolyzed to the free amino acid. 





NH 
a 
CH, ce CH: —CO a CO 
\H—CO—NH cH.CO-N—C—-NH sce H: 
NH 


Phenylalanine, tyrosine, tryptophane, and other aromatic amino acids have 
been prepared in this way. However, these compounds do not seem to 
offer any important advantages over the azlactone synthesis. 


IV. Syntheses from a-Keto Acids and Their Derivatives 


Several amino acids have been prepared from the corresponding a-keto 
acid or its oxime or phenylhydrazone. Most of these reactions have been 
developed recently. They are useful in special cases but are not applied 
generally in the synthesis of amino acids due in part to the fact that the nec- 
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essary a-keto acids (or derivatives) are not readily available except in a 


few instances. 
A. From a-Keto Acids 


Pd 
R—CO—CO.2H + NHs mo R—CH—CO.H 
NH: 


This reaction, first studied by Knoop and Oesterlin,*! was further devel- 
oped by Schoenheimer and Ratner ” as a means of introducing isotopic 
nitrogen (N !°) into the amino acid molecule without using a large excess 
of isotopic ammonia. The yields are usually good but the method is strictly 
limited by the lack of available a-keto acids. Alanine,® phenylalanine,* 
and glutamic acid *! have been prepared in this way. 

B. From Oximes of a-Keto Acids. Oximes of a-keto acids are reduced 
smoothly to the a-amino acid, using hydrogen and palladium-black or 
palladium-charcoal as a catalyst. The oximes may be prepared from the 
corresponding a-keto acids, but are more conveniently obtained directly 
from substituted acetoacetic esters. 


R 
b HONO He 
CH;CO—CH—CO.R —> R—C—CO.R —»> R—CH—CO.R —> R—CH—CO.H 
orRONO | Pd | 
NOH NH, NH; 


Acetoacetic esters react with nitrous acid (or nitrosylsulfuric acid) and with 
alkyl nitrites as shown in the equation. In the case of alkyl nitrites a 
catalyst such as sulfuric acid or sodium ethylate is used. The reaction pro- 
ceeds smoothly and good yields are usually obtained. This reaction has 
been applied to a variety of compounds. Of especial interest is the meth- 
ionine synthesis developed by Snyder et al.*4 


CH;CO—CH:—CO,Et 





CH:—CH2 
Se 
mee CHOC = 
<> CHsCO cH CO—> HON C co 
CH: 0 Homes 
i ee 
CH, ch, 
co 
via 
—> [NH.—CH———C07] —> HOCH,—CH,—Cft NH 
| | 
CH. 0 NH CH—CH,.—CH.OH 
CH; co 


CO 
HCl CH:SNa 
ae —>"CH.—S—CH,—CH,—Cht Nee 
NH _ Stilts CH 8c 


CO 
' — > 2 CH;—S—CH,—CH:—_CH—C0.H 


NH; 
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Acetoacetic ester is not cleaved by nitrous acid but is converted into 
ethyl a-oximino-6-ketobutyrate. Adkins and Reeve % developed condi- 
tions for the catalytic reduction of this oxime to a mixture of threonine and 
allothreonine. Since the mixture is difficult to separate, this reaction is 
not particularly useful in the synthesis of pure threonine. 


HONO 
CH;COCH.CO.R —> CH;C—C—CO.R 


| 
NOH 


Ni Ni 
CHsC—C—COsR — acca — CH,CH—CH—CO.R 


| 
OH O NH: OH NH; 


—> CH;CH—CH—CO.H 
OH NH, 


C. From Phenylhydrazones of a-Keto Acids. Substituted acetoacetic esters 
are converted into the phenylhydrazones of a-keto acids by the action of 
benzenediazonium chloride. Feofilaktov et al.%* have utilized this reaction 
in the preparation of alanine, valine, leucine, and other amino acids. 


CoHsN2X 
aay aaa ———> R—C—CO0.R —> R—CH—CO.H + C.H;:NH2 


| 
R N NH; 


| 
NH—C.Hs 


V. Syntheses from Derivatives of Aminomalonic Ester 


The preparation of amino acids by the malonic ester synthesis has been 
described previously (See Method I). There are two disadvantages to this 
procedure. In the first place the alkylation of malonic ester with low 
molecular weight halides tends to produce disubstituted malonic esters. 
And, secondly, bromination of a malonic acid is not feasible if some other 
group in the molecule is attacked simultaneously. Both of these difficulties 
are avoided if a derivative of aminomalonic ester is employed.’ Histori- 
cally, phthalimidomalonic ester is the first such compound to be studied. 
However, the use of phthalimidomalonic ester has certain drawbacks. The 
alkylation of phthalimidomalonic ester proceeds with difficulty and is usu- 
ally effected in an alcohol-free solvent. Hydrolysis of the substituted ester 
is difficult. For these and other reasons this method has not found wide 
application. 

Phthalimidomalonic ester is prepared from bromomalonic ester and potas- 
sium phthalimide.*” The following equations illustrate the use of the 
phthalimidomalonic ester method in the synthesis of methionine ** and 
cystine.*® 
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“ 
CH;S—CH.2CH.Cl + CH—N | |> CH,S—CH:,CH:—C—N | | 
coO— 
\Z \ 


cor CO-\. COR \ 
—+» CH,;S—CH,CH.—CH—C0.H 
| NH: 
C,H,CH,SH + HCHO + HCl 
-—> O.1,0HS—CH.CI 
; COR oo—7 
> CH CHS CH | — Cxl1,CH:S—CH.—-CH—COH 
cor CO-\ NH, 
wba Cys pire eit ante pee ae 
liquid NHs | b 
NH; CH, H: 
H_NH, OH_NH, 
OH  COH 


In the latter synthesis the cleavage of the benzyl group from the sulfur 
represents a general reaction which du Vigneaud and co-workers discovered 
and developed into an extremely useful tool in working with sulfur-con- 
taining amino acids. 

With the advent of catalytic reduction methods, aminomalonic ester 
has become readily available. 


CO.R CO.R CO.R 
HNO: Ni | 

CH, —>»C=NOH re CH—NH:; 

CO.R bom O.R 


Aminomaloniec ester itself is not suitable for use in the next step, since the 
free amino group would undergo alkylation. However, benzoylaminoma- 
lonic ester is easily obtained and has been used as an intermediate in the 
synthesis of several amino acids.*° 


CO.R CO.R 

NaOEt | 
eee H—CO—C,H; ae: R—C—NH—CO—C,H; —> R—CH—CO.H 
CO.R CO.R NH; 


The alkylation proceeds smoothly, although the acylaminomalonic esters 
are not as easily alkylated as is malonic ester itself. The subsequent steps 
are effected in excellent yields. 

Snyder and Smith “ have developed a unique and interesting variation 
of this method. They discovered that quaternary ammonium compounds 


oo 
of the type Ar—CH.—N(CHs); will alkylate malonic esters as follows: 
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vi CO.R oe ; 
ArCH,—N(CH;): + aro —> ArCH,—C—NHCOR 
O.R O.R 


This discovery led to an excellent method for the preparation of trypto- 
phane without the necessity of preparing 6-indolealdehyde as an inter- 
mediate. Indole undergoes the Mannich reaction giving an excellent yield 
of gramine. 


A oa, ESET ois VA C—CH:N(CH;), 
| | | + (CH,)»NH + HCHO —>| | T 
R AE L pe: 

N N 

H H 


Methylation of the product gives the quaternary base (gramine methiodide) 
which can be used to alkylate acetylaminomalonic ester. The product yields 
tryptophane on hydrolysis. 


F vi CO.R 
7 ____09_CH,N (CHs)s -f- bn -wHe-COCH, 


wl Au bor 
N 


H e 
toe 
( (gia ake 
OL hr bow 
H 
ee 
NaOH Z\_____¢_CH,—C—NH—COCHs 
L eu CO.H 
N 
H 


Hol Z\___¢_cH,—CH—C0.H 
| hes NH: 


Tryptophane has also been synthesized from indole through B-indoleal- 
dehyde as an intermediate (see Method III). However, the conversion of 
indole to 6-indolealdehyde gives a poor yield. The method of Snyder and 
Smith is superior in that it does not involve -indolealdehyde as an inter- 
mediate, and therefore gives a considerably better yield of tryptophane 
based on the original indole. 
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VI. Curtius Reaction F 
Substituted malonic esters may be converted into a-amino acids by the 
following reactions: 


CO.R COR CO—NH—NH:, CON; 
~ HNO: | Curtius 
R—CH —>R—CH — > R—CH —> R—CH — > R—CH—CO,.H 
| rearrange- | 
O.R GOA CO.K O.K ment NH, 


The conversion of a malonic ester to an amino acid is also effected by 
Method I which is more satisfactory in most instances. However, if the 
R group of the malonic ester is attacked by bromine, the Curtius rearrange- 
ment provides an alternative pathway which has found some use.*” 


VIa. Syntheses from Amino Alcohols. 


Recently amino alcohols of the types shown below have become com- 
mercially available. ; 


RCH—CH.OH R2:C—CH,0H 
NH: NH: 


Billman and Parker (41 a) have developed a method for converting these 
compounds into a-amino acids as shown in the following equations: 


RCH—CH:,0H —»> RCH—CH.0H —> RCH—CO.H —»> RCH—CO.H 


| 

NH, in ie NH 
bg CO 
bat, CsHs 


Each of the steps proceeds smoothly and the yields are good. Glycine, 
alanine, a-aminobutyric acid and a-aminoisobutyric acid have been prepared 
in this way. 

VII. Schmidt Reaction 


Hydrazoic acid reacts with carboxylic acids“ and with acetoacetic 
esters,*: “ as shown in the following equations: 


R—CH:—CO.H + HN; —> R—CH.—NH, 
n : 
CH;sCO—CH—CO.R + HN; —> R—CH—CO.R 
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The fact that a-amino acids do not undergo this reaction makes possible 
an interesting synthesis of diamino acids. 


eto ae + HN; —>- NH:—(CH:).—CH—CO,H 
NH, ta, 


Thus lysine is prepared from a-aminopimelic acid which is in turn obtained 
from carbethoxycyclohexanone: 


CH Be 
off, CH—CO,Et CH, CH—CO.Et 
HN: 

H, O se NH 
aa 
CH; Ha) 6CO 
CH; 


—> cia Sanger 
NH: 
HNs 
—_ NH:—(CH2),—CH—CO.H 
NH, 


A serious drawback to this method is the fact that hydrazoic acid is ex- 
tremely toxic and highly explosive if not properly handled. 


VIII. Special Methods 


A. Proline. Signaigo and Adkins ** developed an excellent method for 
preparing proline from pyrrole: 


CH EtMgBr HC———_-CH  cico:krt HC-————CH 
( a i OE ( 
H CH H y H HC —CO-.Et 





<A N N 
H | | 
MgBr CO.Et 
Ni H.C. CH, H,C———-CH; 
— >| b — | | 
Hz: H2C H—CO.Et H.C CH—CO.H 
wae 
N N 
d H 
O.Et 


Reduction of pyrrole-a-carboxylic acid — the most obvious method — is 
not readily effected. 
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B. Hydroxyproline. Leuchs, et al.“ developed the following method for 
preparing hydroxyproline: 


COR 
ee IF + CH2 
O CO.R 

CO.R CO.R 

NaOEt | Ch oe 
> CiCH,—CH—CH.-CH ==>. ClCH CH-cCHe 2 Cl 

CO Qe) 

NH. 
mete CICHr—CH—CHs—CH—Cl = HOCH Or. 
6 H, CH—CO.H 
Pee 
H 


A mixture of two racemic forms is obtained, one of which is identical with 
dl-hydroxyproline. More recently hydroxyproline has been prepared by 
method IVB.” 

C. Lysine and Ornithine. Keck and Marvel ** prepared lysine using cy- 
clohexanone as the starting material: 

CH, CH, CH 


S i: ras 
CH: CO CH, C=NOH CH; ‘co 


| Beckmann | 
CH, —> a NH 
| rearrange- | 

H; CH, H. He ment H; CH, 


cHy ony” 





—+> NH:—(CH:);—CO0O.H —> CsH;CO—NH—(CH:);—CO.H 
—> C.H;CO—NH—(CH:),—CH—CO.H 
be 
—> C.H;CO—NH—(CH:),—CH—CO.H 
NH, 
—> NH:—CH:.—CH:—CH:—CH:—_CH—C0,H 
NH: 


Although several steps are involved, each proceeds smoothly and the over- 
all yield is satisfactory. 


Ornithine has been prepared by applying the same series of reactions to 
cyclopentanone.*® 

D. Arginine. This amino acid is a derivative of ornithine and has been 
prepared from that compound by Sérensen, et al.; 5° 
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Ba(OH):2 
C.H,CO—NH—CH,CH;CH;—CH—CO.H —> NH,CH.CH.CH,-CH_CO,H 


| 
ie bo 
C.eH; bt, 
NH, 
NH:—CN 
—> HN=C 


: O 
CeH; 
NH, 
HCl VW 
—> HN=C 
NH—CH.CH.CH,—CH—CO.H 
NH, 


E. Aspartic Acid. Aspartic acid may be prepared in several ways 
(Methods IVB and V), but probably the most satisfactory is the reaction 
of ammonia with diethyl fumarate: *! 


CO.Et NH-CO 

H lard NH,CO-CH:-CH CH-CH:-CON H: —> HO.C-CH,-CH-CO.H 
baa \co-NH An, 
bout 


The addition of ammonia to a, B-unsaturated acids is a general reaction 
which affords a useful method of preparing B-amino acids. 

F. Glutamic Acid. The most satisfactory method of synthesizing glu- 
tamic acid is that of Marvel and Stoddard,” involving the addition of 
phalimidomalonic ester to methyl acrylate. 


CO.R CO 
| ‘ine NaOEt 
CH,=—CH—CO,.CH; + CH—N || ——> 
| N 
CO2R O 
CO COR 


W ; 
6 + (ib n—&-_CH;CH,—C0.CH; —>» HO,C—CH—CH,—CH;—CO0:H 


\ | | 
ae COR NH, 


Summary 
The best methods for the synthesis of the naturally occurring amino 
acids usually found in proteins are listed on the next page. 
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Glycine, I, I Aspartic Acid, VIIIE 
Alanine, I, II, IVA Glutamic Acid, VIIIF 
Serine, I, II Lysine, VIIIC, VII 
Threonine, I, [VB Arginine, VIIID 
Valine, I Histidine, III 
Norleucine, I Proline, VIIIA 
Leucine, I Hydroxyproline, VIIIB 
Isoleucine, I Phenylalanine, I, III 
Methionine, IVB, V Tyrosine, III 

Cystine, V Tryptophane, III 


ISOLATION OF CERTAIN AMINO ACIDS 


The isolation of amino acids from proteins involves two separate opera- 
tions. First, the protein must be hydrolyzed to break the peptide bonds 
and free the amino acids, and secondly, the individual amino acids desired 
must be separated from this mixture. For a detailed description of hydroly- 
sis of proteins see Chapter IV. 

The naturally occurring amino acids may be divided into three groups: 
basic, neutral, and acidic. The basic amino acids are arginine, lysine, and 
histidine; the acidic are aspartic and glutamic acids. The remainder belong 
to the neutral or monoaminomonocarboxylic acid group. 

The fractionation of protein hydrolyzates into these groups may be 
effected in a variety of ways. The basic amino acids are precipitated by 

| the so-called “alkaloidal precipitants,”’ such as phosphotungstic or phos- 
phomolybdie acid. The dicarboxylic acids may be separated by virtue of 
the fact that their calcium salts are precipitated from an aqueous solution 
by the addition of alcohol, while the calcium salts of other amino acids are 
not. This is the basis of Foreman’s method, which will be discussed later. 
The monoaminomonocarboxylic acids are extracted from an aqueous solu- 
tion by butyl alcohol (Dakin’s butyl aleohol method), but the basic and 
acidic amino acids are not. Finally, all three groups may be separated 
simultaneously by electrolysis of a protein hydrolyzate at the proper pH 
(electrical transport method). 

Regardless of the method to be used it is customary to concentrate the 
neutralized protein hydrolyzate and filter off the insoluble amino acids. 
This fraction generally consists of tyrosine and leucine, and may also con- 
tain somé cystine. 

In separating amino acids from protein hydrolyzates, the unfractionated 
material may be used or one or more of the groups may be removed and 
worked up separately. Some of the better methods will be discussed and 
the isolation of certain amino acids will be considered. Excellent labora- 


tory directions for the isolation of several amino acids are reported in 
Organic Syntheses. 
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Fischer’s Ester Distillation Method. Today this is chiefly of historical 
interest as one of the earliest general methods for the separation of amino 
acids from protein hydrolyzates. Proposed by Fischer * and further inves- 
tigated by Osborne and Jones, it depends on the fractional distillation in 
vacuo of the esters of the amino acids. 

From the protein hydrolyzate after neutralization, tyrosine and leucine 
are partially removed by crystallization and glutamic acid is removed as 
the hydrochloride. Then the amino acids are esterified with absolute alco- 
hol and gaseous hydrogen chloride, and glycine ester hydrochloride is 
removed. After removal of hydrogen chloride, the esters are fractionally 
distilled at low pressure. The residue contains the esters of the basic amino 
acids and some others. Sharp ** has recently used a modification of this 
procedure in a study of the amino-acid composition of myosin. 

Since the fractionation does not completely separate the esters, and losses 
are high, this method is little used today. 

Dakin’s Butyl Alcohol Method. This method, developed by Dakin, 
is useful for separating the monoaminomonocarboxylic acids from the basic 
and acidic fractions. It depends on the solubility of the neutral amino 
acids in n-butyl alcohol saturated with water, in which the other two groups 
are practically insoluble.* A continuous extraction method is usually used 
and by modifying the conditions, such as temperature and pressure, the 
solubilities of some amino acids may be varied considerably. For example, 
hydroxyproline is extracted at atmospheric pressure but not at ten milli- 
mete: pressure. This method is still very valuable, both alone and in con- 
nectioa with other methods. 

Electrical Transport Method. The electrical transport method for the 
separation of amino-acid mixtures into acidic, basic, and neutral fractions 
depends on the migration of these fractions under the influence of an elec- 
tric potential. At the proper pH, the basic amino acids are positively 
charged and migrate through a membrane into the cathode compartment 
of a three compartment cell; the neutral acids remain in the center com- 
partment, and the acidic amino acids, being negatively charged, migrate 
through a membrane into the anode section. First used by Ikeda and 
Suzuki, *” this method was developed by Foster and Schmidt, °* Cox, King, and 
Berg,®? and Albanese ® into a practical means of separating amino acids. 

The electrolysis, if run at pH 5-6, causes lysine, histidine and arginine 
to enter the cathode compartment. By re-electrolysis of this fraction at 
pH 7-8 the more basic amino acids, arginine and lysine, may be almost 
completely separated from the less basic histidine and from contaminants 
from the first electrolysis. The acidic components (aspartic and glutamic 
acids) and proline and hydroxyproline can be recovered from the anode 
compartment. e 

* Sharp reported ®° that small quantities of basic and acidic amino acids are extracted 
by the butyl alcohol and recommends that these fractions be removed first. 


- 
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The efficacy of this method is shown by the fact that Foster and 
Schmidt ** obtained yields of arginine and lysine of 85 and 67 per cent 
respectively, using gelatin as the source. The electrical transport method 
has been widely used for group separations and for analytical purposes. 

Kossel’s Silver Salt Method. This method, depending on differences in 
solubility of the silver salts of the amino acids, was first used by Kossel.* 
Vickery and Leavenworth ® employed it for the analytical determination 
of the basic amino acids, separating them first as silver salts and then 
isolating the individual acids with specific precipitants. This is probably 
used more as a quantitative method of determining the basic amino acids 
than as a preparative method. 

Foreman’s Dicarboxylic Acid Method. An effective method for the 
separation of the dicarboxylic amino acids from hydrolyzates is the pre- 
cipitation of their barium or calcium salts with alcohol. By neutralizing 
the concentrated protein hydrolyzate with calcium or barium hydroxide 
and then pouring the solution into an excess of alcohol, barium or calcium 
glutamate and aspartate are precipitated, along with small amounts of 
other amino acid salts, which may be readily removed by a second or third 
reprecipitation of the salts from water. 

This method was first used by Ritthausen in 1868 (see Chapter I). In 
1914 Foreman ® and subsequently Jones and Moeller * developed it as an 
analytical procedure. Glutamic acid is separated as its hydrochloride and 
aspartic acid as its copper salt. It is now widely applied to remove these 
acids from, the hydrolyzates of proteins to obtain the neutral or basic 
amino acids. 

Shryver’s Carbamate Method. Shryver ®: ® has described a method for 
partial separation of hydrolyzates which depends on the formation of carb- 
amino derivatives insoluble in alcohol when a solution of amino acids is 
treated with carbon dioxide in the presence of barium hydroxide. Methods 
are described for the isolation of glycine, proline, hydroxyproline and the 
dicarboxylic amino acids. 

Selective Adsorption Methods. The search for materials which will exert 
a selective adsorption effect on amino acids has been carried on for some 
time. This method is not at present developed to the extent of offering a 
practical means of isolating amino acids, but it shows some promise. 

Felix and Lang,* Sadikov,®* and Whitehorn ® reported that Permutit 
selectively adsorbs the basic amino acids. Mashino7 obtained similar 
results using Japanese acid clay. Calcium hydroxide was used as the 
eluting agent. Tiselius™ and Wachtel and Cassidy ” used activated 
carbon as the adsorbent. Wachtel and Cassidy have separated quantita- 
tively mixtures of I-tyrosine and dl-leucine, and of dl-phenylalanine and 
dl-leucine. e 

Turba,” using activated Fuller’s earth, separated the basic amino acids 
from the monoamino acids and from one another. 
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Ion-exchange Resins. The commercial availability of synthetic ion- 
exchange resins such as the ‘‘Amberlites” has stimulated interest in their 
use for amino-acid separations. Block ™ reported that these resins have 
proved useful for large-scale separation of the basic amino acids from pro- 
tein hydrolyzates. 

Insoluble Amino-acid Salts. The ideal method of amino-acid isolation 
would, of course, consist of using a specific precipitant for each amino acid. 
It is well known that several of the amino acids form insoluble salts with 
various types of reagents and many of these salts have proved useful for 
isolation purposes. . 

Complex Inorganic Salts. Kapfhammer and Eck,” using Reinecke salt 
[((NH3)2Cr(CNS).4] - NH4, have described the isolation of proline and hy- 
droxyproline. Specific inorganic reagents for several amino acids have been 
developed by Bergmann and co-workers.”* 7 Glycine gives well crystal- 
lized double salts with potassium trioxalatochromiate, Cr(C,04)3K; +3 H.O, 
which have been used for its estimation. Dioxalatodipyridinochromiatic 
acid, [Cr(C.04). + (CsHsN).] + H, has been used for alanine determinations. 

Many heavy-metal salts form insoluble complexes with amino acids, and 
several of these have been used for separation and analysis of hydrolyzates. 
Mercury, silver, and copper salts are used extensively, as are phospho- 
tungstic and phosphomolybdic acids. 

Among the most useful reagents for isolation of amino acids as insoluble 
salts are the aromatic sulfonic acids. One of the first of these to be used 
was flavianic acid or 1-naphthol-2,4-dinitro-7-sulfonic acid: 

OH 


HO;SZ \NO2 
OL 
WZ 


NO, 
Kossel and Gross” first used this as a precipitant for arginine. Using a 
modified procedure, Pratt 7° reports yields up to 90 per cent in the isolation 
of arginine from gelatin. Vickery * made an exhaustive study of the con- 
ditions under which flavianic acid may best be used as a reagent for the 
isolation and quantitative determination of arginine. 

Extensive investigation of other aromatic sulfonic acids has yielded many 
useful methods for amino-acid isolation. Bergmann and co-workers *° *! * 
reported studies with several sulfonic acids and developed isolation meth- 
ods for leucine and phenylalanine from hemoglobin and serine and alanine 
from silk fibroin. Vickery * used 3,4-dichlorobenzenesulfonic acid to iso- 
late histidine from hemoglobin hydrolyzates. 

A valuable feature of the sulfonic acid salts is the fact that they usually 
show sharp melting points, which is valuable for identification and as an, 
index of purity. nar 

Among other reagents forming insoluble amino acid salts is picrie acid 
which has been used ™ in the isolation of lysine. 
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Isolation of Individual Amino Acids 


Cystine. Cystine is most conveniently isolated from hair or woo 
Following acid hydrolysis and removal of excess acid, the hydrolyzate is 
brought to the isoelectric region of cystine (pH 3-6) with sodium acetate 
and the crude precipitate of cystine is removed. To purify the crude mate- 
rial it is dissolved in dilute acid and reprecipitated with sodium acetate. 

Tryptophane. Tryptophane may be isolated from casein, using enzymic 
hydrolysis.*7 A crude tyrosine fraction is filtered off and the tryptophane 
precipitated with mercuric sulfate in sulfuric acid. The precipitate is de- 
composed with hydrogen sulfide and the tryptophane removed by extrac- 
tion with butyl alcohol, from which it is recovered. 

Tyrosine. Tyrosine may be prepared from casein along with trypto- 
phane.* The tyrosine is precipitated by adjusting the reaction to the iso- 
electric region (pH 5-7). The crude tyrosine is freed of leucine by extrac- 
tion with hot glacial acetic acid in which leucine is soluble.** 

Histidine. Histidine has been prepared by precipitation with mercuric 
chloride **: ®° and by precipitation with mercuric sulfate *' after separating 
the basic amino acids by electrical transport. Probably the best method at 
present is that of Vickery,** who used 3,4-dichlorobenzenesulfonic acid, 
precipitating the insoluble sulfonate directly from the hydrolyzate. 

Arginine. Arginine is often isolated by use of the dinitronaphthol- 
sulfonate.”*: 7° Usually this is used in conjunction with other methods which 
separate the basic amino acids from the hydrolyzate. Another good method 
is that of Bergmann and Zervas,*! as modified by Brand and Sandberg,” 
in which the arginine is precipitated from alkaline solution as the benzyli- 
dine derivative. 

Serine and Alanine. Serine is easily isolated from silk fibroin by the 
method of Bergmann.® Glycine is removed from the hydrolyzate as the 
5-nitronaphthalene-1-sulfonate and alanine as the azobenzene-p-sulfonate. 
The serine is then precipitated with p-hydroxyazobenzene-p’-sulfonic acid 
and recovered by decomposition of the insoluble salt with barium acetate. 

Alanine may also be isolated in this procedure by recovery from its insol- 
uble sulfonate. 

Lysine. Lysine was, until recently, best isolated by the picrate method 
of Rice,* which avoided the tedious electrical transport method by using 
direct precipitation. However, the method fails to work with gelatin, 
according to Kurtz, who has proposed an alternative method. Following 
hydrolysis and neutralization, arginine is precipitated as the dinitronaph- 
tholsulfonate, and the copper salts of the remaining amino acids are formed. 
Benzoylation then precipitates the copper salt of e-benzoyllysine which is 
converted to e-benzoyllysine and then to lysine dihydrochloride. 

The ion exchange method of Block 7 may serve as the basis for a simple 
method of preparing lysine because of the ease with which the basic amino 
acids are separated from the other fractions. 


] 8 85, 
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Born in Armenruh near Goldberg in 
Silesia in 1826 and died in 1912. He 
worked on vegetable proteins and carbo- 
hydrates and discovered glutamic acid 
in proteins and raffinose in cottonseed. 


Heinrich Ritthausen 


Introduction 


Analytical methods for the determination of amino acids are important 
for evaluating the amino-acid content of proteins. To determine the value 
of a protein as a nutriment, or as a source of amino acids for commercial, 
clinical, or scientific purposes, it is necessary to be able to determine its 
amino-acid content. It is also hoped that by accurate methods of analysis, 
it may be possible to find the source of the individual properties of such 
important proteins as enzymes and hormones. 

Methods for the analysis of amino acids in blood and urine have a 
clinical value which may be enhanced with increasing knowledge of the 
physiological functions of the amino acids. These methods have a field 
of usefulness in the diagnosis of certain diseases, particularly of the liver. 
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Analysis of the blood amino-acid level is important for the proper control 
of amino-acid therapy. . 

Two types of analytical methods are desirable. One type consists of 
estimating the general level of all the amino acids, irrespective of individ- 
uality. Such methods depend upon the application of some chemical reac- 
tion which is common to all the constituents of proteins. A second type 
consists of methods that are specific for a single amino acid and is of para- 
mount interest in the evaluation of the amino-acid make-up of proteins and 
protein derivatives. 


MeEtTHOopS FOR DETERMINING ToTaL AmMINo-AcID CONTENT AND 
THEIR APPLICATION TO BLOOD AND URINE 


The Folin Colorimetric Estimation of Amino Nitrogen with 6-Naphtha- 
quinone Sulfonate and its Modifications 


The reaction between amino acids and 1,2-naphthaquinone-4-sulfonate 
was discovered by Folin ! and was made the basis of a method for estimat- 
ing blood and urine amino-acid nitrogen. The method has since undergone 
considerable modification and improvement at the hands of a number of 
investigators. Danielson? improved the accuracy of the method, and 
Sahyun * speeded up the reaction by heating the reaction mixture during 
color development. 

The reaction between the amino acids and the quinone is believed to be 
similar to the reaction between this compound and aniline. The equation 


for this is 
O O 
O | OH 
VA Vi Vi 
| | + HaNCcoHs = | | + SO. + H,0 
\ 


Reis \ : 
O;:H : ; N—CeH; 


An extensive survey of compounds other than amino acids which react 
with the quinone and yield similar colors has recently been carried out by 
Frame, Russell, and Wilhelmi.t The interfering effect of ammonia was 
observed by Folin. The more recent work shows that similar but less 
intense colors than those given by the amino acids are yielded by ammonia, 
primary aliphatic amines, and some secondary amines. Primary aromatic 
amines yield as much color as the amino acids. These include the various 
sulfanilamides. In addition, uric acid and allantoin react to give red- 
colored substances in acid solution. A comparison of these two substances 
with amino-acid standards showed that 28 per cent of the uric acid nitrogen 
and 13 per cent of the allantoin nitrogen reacted as amino nitrogen. 

The interfering effect of ammonia, uric acid, and allantoin, is of no great 
significance in the case of blood and most tissues. They probably render 
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the method of little quantitative value for the estimation of amino-acid 
nitrogen in urine. 

Outline of Procedure for Blood. The modification of the method de- 
veloped by Sahyun seems to be the most satisfactory for general usage. 
The details of the procedure are as follows: 

Reagents: 0.1N NaOH 

2 per cent solution of sodiwm borate. 

0.25 per cent solution of phenolphthalein. 

0.5 per cent solution of sodium 6-naphthaquinone sulfonate, prepared 

freshly before using: 
Do not use a solution that has stood for more than 15-20 minutes. 

Special Acetic Acid-Acetate Reagent: Dilute 100 ml of 50 per cent acetic 
acid with an equal volume of 5 per cent sodium acetate solution. 

Sodium Thiosulfate: A 4 per cent solution of NaS.Os - 5 H.O. 

Stock Standard Solutions: Samples of glycine and glutamic acid are dried 
to constant weight over sulfuric acid in a vacuum desiccator. Accurately 
weigh 267.5 mg of glycine and dissolve in 500 ml of 0.07N HCl containing 
0.2 per cent of sodium benzoate as preservative. A stock solution of glu- 
tamic acid is prepared in the same way, using 525 mg of glutamic acid to 
500 ml of 0.07N HCl containing 0.2 per cent of sodium benzoate. The 
stock solutions thus prepared will each contain 0.1 mg of amino acid nitro- 
gen per ml, and will keep indefinitely. 

Mized Standard of 0.1 Mg Amino Acid Nitrogen per ml: Introduce 5 ml of 
the stock glycine standard and 5 ml of the stock glutamic acid standard 
into a 100-ml volumetric flask. Make up to volume with distilled water; 
mix thoroughly, add a few drops of chloroform and keep in a refrigerator 
when not in use. It is preferable to prepare the diluted standard once a 
week. 

Procedure for Blood: Blood filtrates obtained by the Folin and Wu 
tungstate method or by Somogyi’s zinc hydroxide precipitation method 
are excellent for determining total amino-acid nitrogen. Filtrates obtained 
by Benedict’s method are also satisfactory. 

To estimate the amino-acid nitrogen, introduce 3 ml of the blood filtrate, 
or a volume containing about 0.03 mg amino nitrogen into a 25-30-ml 
test tube. Simultaneously, measure 3 ml of the standard amino-acid 
solution (0.03 mg amino nitrogen) into another test tube. Add one drop 
of phenolphthalein to each tube and, while shaking, add 0.1N NaOH, 
1 drop at a time until 1 drop brings about a permanent pink color. Add 
1 ml of sod‘um borate solution, followed by 2 ml of freshly prepared sodium 
B-naphthaquinone sulfonate reagent; mix by gently rotating the tubes 
and adjust the samples to an equal volume by the addition of distilled 
water. It is desirable to keep the volume as small as possible. Immerse 
the tubes in a boiling water bath for 3 minutes, remove, and cool to room 
temperature in a stream of running water. To each tube, first add 2 ml of 
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acetic acid reagent, mix, and then add 2 ml of 4 per cent sodium thiosulfate 
solution. Dilute the contents of each tube to the 25-ml mark, mix, and 
compare the colors in a suitable colorimeter. 

When the color comparison is carried out in a Duboseq type (or Klett) 
colorimeter, the standard for comparison that is selected should be the 
one that most closely approaches the unknown in its concentration. 
Sahyun considers that readings of the unknown between 15 and 28, when 
the standard is set at 20, give reliable results. If the reading is stronger 
than 15, or weaker than 28, either the unknown is read against the next 
standard that gives a closer match, or the determination is repeated with 
another more suitable filtrate volume. 

Micro Method: A colorimetric method which may be used to determine 
4 to 40 y of amino nitrogen per sample has been developed by Frame, 
Russell, and Wilhelmi.t The authors state that duplicate analyses may be 
made upon 0.2 ml of blood. This method was made possible by using a 
photoelectric colorimeter to determine the intensity of color. 

Determination of Amino-Acid Nitrogen in Urine. No high degree of ac- 
curacy can be attained with the colorimetric method for determining the 
amino-acid nitrogen in urine. As has already been mentioned, ammonia, 
uric acid, and allantoin give interfering colors. The ammonia can be 
removed by adsorption on Permutit, but this procedure also causes a loss 
of considerable amino-acid nitrogen. 

In the procedure described by Sahyun, two dilutions of urine are pre- 
pared in the ratios of 1:10 and 1:20 in order to take care of the fluctua- 
tions of urinary amino-acid nitrogen. To carry out the analysis, introduce 
5 ml of urine each into a 50-ml and a 100-ml volumetric flask and dilute 
to volume. Mix well and transfer to Erlenmeyer flasks. Add 2-3 gm of 
Permutit and shake gently for 5 minutes. Decant into clean flasks and 
again add the same amount of Permutit, shake, and let stand for 10 minutes 
before filtering. It is advisable at this point to test 1 ml of the filtrate with 
Nessler’s solution to ascertain the complete absence of ammonia. 

From the clear, ammonia-free diluted urine, transfer 2-ml and 3-ml 
samples into graduated 25- or 30-ml test tubes. Simultaneously prepare 
two standards from the 0.01 mg per ml amino acids standard given above, 
one containing 0.03 mg and another 0.05 mg of amino-acid nitrogen. Carry 
out the rest of the determination in the same manner as described in the 
Sahyun method for blood. 


The Van Slyke Nitrous Acid Reaction 


Primary aliphatic amino groups react with nitrous acid to yield No, 
according to the following reaction: 
RNH;: + HNO, = ROH + H20 +N; 
The reaction can be used to measure the amino-acid nitrogen of blood 
and of urine. The method is not highly specific, since amines other than 
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the amino acids and certain other compounds, such as ammonia and urea, 
also react with nitrous acid to yield N». However, the NH, groups of 
a-amino acids react quantitatively in 3 or 4 minutes at room temperature; 
while the other substances react much more slowly. About 25 per cent of 
the ammonia and 6 to 7 per cent of urea react with nitrous acid in the time 
required for complete reaction of a-amino acids. 

An estimation with nitrous acid on blood or urine, under appropriate 
conditions, gives mainly the amino-acid nitrogen; but also includes some 
Ne derived from amines and possibly other unknown compounds. 

Van Slyke ® has adapted the nitrous acid reaction to the manometric 
gas apparatus, thus greatly increasing its sensitivity and making it possible 
to perform a gasometric amino nitrogen determination directly on 5 ml of 
a Folin-Wu tungstic acid blood filtrate. Formerly, it was necessary to 
concentrate the filtrate to a smaller volume. 

The reaction is carried out by mixing sodium nitrite, acetic acid, and the 
amino-acid containing solution. In the manometric apparatus, acetic 
acid and the amino-acid solutions are mixed together in the reaction 
chamber, freed of air, and the NaNO, is then added in saturated solution. 
The saturated nitrite solution need not be free of dissolved air before it is 
used. Because of its high salt content, the amount of air dissolved by this 
solution is negligible. 

The total analysis requires about 12 to 15 minutes. The maximum 
amount of amino nitrogen that can be determined in a sample is about 
0.6 mg which, at a 2-ml volume, yields nitrogen gas giving a pressure of 
about 400 mm Hg. The minimum measurable quantity is about 0.4 7, 
which yields nitrogen gas giving 1 mm pressure at 0.5 ml volume. It is 
not feasible to describe the method in detail because of the space required. 
The reader is referred to the original publications for the details of the 
method. 

Determination of Amino-Acid Nitrogen in Blood. In blood filtrates, not 
only the amino acids, but also the urea reacts measurably with nitrous 
acid. In the time required for complete reaction of the a-amino acids, 
about 7 per cent of the urea nitrogen is decomposed. In human blood 
without pathological urea retention, the amino nitrogen can be determined 
without preliminary removal of the urea, a correction of 0.07 of the urea 
nitrogen being subtracted from the total nitrogen obtained by the nitrous 
acid reaction. When there is gross urea retention (blood urea nitrogen 
about 50 mg per 100 ml) it is desirable to remove the urea with urease 
and boil off the resulting ammonia before determining the amino-acid 
nitrogen. . 

In the ease of blood of normal urea content, the analysis is carried out 
on 5 ml of blood filtrate prepared by the tungstic acid method of Folin 
and Wu and representing 0.5 ml of blood. This is pipetted into the chamber 
_ of the gas apparatus and analyzed as described above. The time of reac- 
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tion, measured from the moment the sodium nitrite solution is run into the 
chamber to the end of the period of shaking, varies with the temperature 
and must be regulated carefully, in order that the proportion of urea 
decomposed shall approximate the constant value of 0.07 allowed for. 
At 20° the required shaking time is 4 minutes, at 25° it is 3 minutes. 

Total (free and conjugated) Amino-Acid Nitrogen in Urine.’ The amino 
nitrogen in urine represents both that of free amino acids and of conjugated 
amino acids, as in hippuric acid. 

For an accurate estimation of the amino nitrogen of urine, it is necessary 
to remove both urea and ammonia. Urea is first hydrolyzed to ammonia 
by heating a sample of urine with sulfuric acid. The sulfuric acid is next 
precipitated by the addition of calcium hydroxide and the resulting cal- 
cium sulfate is removed by filtration. The filtrate is rendered alkaline and 
ammonia is driven off by evaporation. 


The Ninhydrin-Carbon Dioxide Reaction 


When a-amino acids are boiled in water with an excess of ninhydrin 
(tri-ketohydrindene hydrate) they quantitatively evolve the CO, of their 
carboxyl groups in a few minutes. The reaction that takes place may be 
represented by the equation shown below: 


O O 


( ( 
ae 


C(OH): + RCH(NH:2)COOH = /e HOH + RCHO + NH; + CO, 


Van Slyke and co-workers 7 have developed highly accurate methods 
for determining amino acids by estimation of the CO, evolved in this 
reaction. * 

This is the most specific of the known methods for the analysis of total 
amino-acid content. Van Slyke and co-workers ® state: “The reaction is 
specific for free amino acids in that it requires the presence, in the free 
unconjugated state, of both the carboxyl and the neighboring NH, or 
NH—CH, group.” The reaction goes to completion with amino acids 
having a primary a-NH, group, with proline, hydroxyproline, and with 
sarcosine (mono methyl glycine). Some degree of reactivity of the —COOH 
group is retained if the —NH, is in the position. Thus aspartic acid 
evolves all the CO, of both of its —COOH groups. On the other hand 
the distal —COOH group of glutamic acid does not react. . 

* MacFayden > has developed a manometric method for determining the ammonia 


evolved from primary a-amino groups of amino acids when they react with ninhydrin 
in boiling aqueous solution at pH 2.5. 
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The ninhydrin-CO, reaction serves to differentiate free amino acids from 
peptides more sharply than is possible by any other known method. 

It might be expected that organic carboxylic acids would interfere with 
the method. This is not the case for unsubstituted organic acids or for 
hydroxy acids. Such acids as acetic, lactic, and citric do not lead to evolu- 
tion of CO». Keto acids such as pyruvic and acetoacetic do react, but 
they decompose with loss of CO. when boiled with water; therefore they 
ean be completely decomposed by preliminary boiling so as not to interfere 
with measurement of CO, from the amino acids. Ascorbic acid also reacts 
to a slight degree, but the amounts of ascorbic acid present in blood and 
urine are too slight to have a significant effect on amino acid determination 
unless large doses have been ingested. The reader is referred to the original 
publications for the details of the manometric methods." The titration 
procedure is described below: 

_ Titration Method for the Determination of Free Amino Acids by the 

Ninhydrin-Carbon Dioxide Reaction. A relatively simple way of deter- 
mining amino acids by the ninhydrin-carbon dioxide reaction is to transfer 
the evolved CO, to standard barium hydroxide and titrate the excess. 
This requires no costly ‘or elaborate equipment. Descriptions of methods 
to carry out the analysis in this manner have been published by Christensen, 
West, and Dimick ” and by Van Slyke, MacFadyen, and Hamilton.** 
According to the method of Van Slyke et al., the transfer of the CO: to the 
barium hydroxide is carried out by distillation 7m vacuo. This requires 
2 to 3 minutes. Barium chloride is added to the barium hydroxide to 
insure complete precipitation of the barium carbonate. The apparatus 
consists of a pair of small Erlenmeyer flasks attached to a U-tube. The 
reaction, distillation, and titration are all carried out in the apparatus 
shown in Fig. 1. 


Fic. 1. Apparatus for evolution and 
distillation of carboxyl CO: From Van 
Slyke, D. D., MacFadyen, D. A., and 
Hamilton, P., ay Biol. Chem., 141, 671 
(1941). 





Ba (0 H)e 
J solution 


Amino acid 
solution 
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The titration method yields results of the same order of constancy as 
the manometric method for macro- and microanalysis. For submicro- 
analysis (carboxyl carbon under 0.1 mg), the titration is less accurate than 
the manometric method. The manometric procedure requires fewer pre- 
cautions against atmospheric COz, is more accurate for minimal amounts 
of amino acids, and is free from the necessity of continual restandardiza- 
tion of solutions. 

Apparatus. The apparatus consists of two Pyrex 25-ml Erlenmeyer flasks 
and a U-tube (Fig. 1). The U-tube and necks of the flasks should have 
an external diameter of 16-17 mm. The connection is made by rubber 
tubing of 4 inch (12 mm) bore and 33; inch wall thickness. For precautions 
with regard to selection and cleaning of the rubber tubing see page 633 of 
reference 8. If the 25-ml flasks have flanges, these should be cut off or 
pushed in after softening the glass in a burner. The 25-ml flasks may be 
replaced by the special test-tubes used for manometric analysis (Fig. 1, A, 
reference 8). 

Obtain a 5-ml burette accurate to 0.01 ml. For submicroanalysis a 
Rehberg micro-burette of 200 cubic mm capacity is needed. 

A reservoir of CO.-free air is required. One is conveniently made of 
two aspirator bottles of 2 liters each, with their lower openings connected 
by a rubber tube. The bottles are charged with 2.5 liters of 10 per cent 
NaOH solution. The upper opening of one bottle is closed by a soda-lime 
tube, that of the other by a perforated stopper connected with light rubber 
tubing ending in a glass capillary from which CO,.-free air can be drawn. 
When all the air from this bottle has been used, the soda-lime tube and air 
exit tube on the two bottles are interchanged, the bottle full of solution 
is elevated, and CO,-free air is drawn from the other, after it has been 
shaken to assure absorption of all the CO.. The bottles are marked at 
200-ml intervals for convenience in measuring air outflow. 

Calibrated glass spoons are to be used for the measurement of 50- and 
100-mg charges of ninhydrin and citrate buffer.®: ¥ 

A water bath is also required. 

Reagents. Ninhydrin pulverized. This may be purchased from the East- 
man Kodak Co. under the name Triketohydrindenehydrate. 

Citrate Buffers. The buffer for pH 4.7 consists of 17.65 gm of 
NasCoHs07 - 2 H20 and 8.40 gm of CsHs0;-H20. The buffer for pH 2.5 
consists of 2.06 gm of trisodium citrate and 19.15 gm of citric acid. The 
constituents are first finely pulverized separately, then mixed in the proper 
proportions and ground together. 

Approximately 0.25N Ba(OH): solution containing 2 per cent of BaCly. 
For macroanalysis. A saturated solution of Ba(OH), is titrated and 
diluted to a concentration of 0.3N. Five volumes of this solution are 


mixed with 1 volume of a neutral solution of BaCl, containing 12 gm of 
BaCl, + 2H,0 per 100 ml. 
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Approximately 0.125N Ba(OH), solution containing 2 per cent of BaCl.. 
For microanalysis. A 0.15N Ba(OH), solution is prepared, and 5 volumes 
are mixed with 1 volume of the 12 per cent BaCl,. 

Approximately 0.0155N Ba(OH)>. solution containing 10.5 ‘per cent of 
BaCl;. For submicro analysis. 1 volume of the 0.125N Ba(OH), is diluted 
with 7 volumes of the 12 per cent neutral BaCl, solution. 

Standard 0.1428, 0.07138, and 0.02855N HCl (N/7, N/14 and N/35 X 
14.00/14.01). These concentrations are chosen because 1-ml portions 
are equivalent to 1, 0.5, and 0.2 mg of carboxyl nitrogen respectively, 
which is more frequently calculated than carboxyl carbon. 

Approximately 10 per cent NaOH for use in the reservoir of CO,-free air. 
Caprylic alcohol, as anti-foam. 

Indicators. 1 per cent phenolphthalein in 95 per cent alcohol; 0.04 per 
cent cresol red solution in water. 

Sodium veronal buffer of pH 8.0. This buffer is prepared from a stock 
solution containing 10.3 gm of sodium veronal in 500 ml of water. Seven 
mil of stock solution is mixed with 4 ml of N/14 HCl. The solution is used 
as a color standard for the end-point in the submicrotitration. 

Procedure. Reaction with Ninhydrin. The amino acid solution is placed 
in flask A (Fig. 1). If the analysis is submicro, the solution should not 
exceed 2 ml in volume; for micro- or macroanalyses the volume may be 
as high as 5 ml. Fifty mg of the appropriate citrate buffer (usually pH 2.5) 
is added if the volume of the sample is 2 ml, and 100 mg if the sample 
volume is between 3-5 ml. A few pieces of Alundum are added to prevent 
bumping, and a drop of caprylic alcohol to prevent foaming. The reaction 
vessel is then boiled for 20 to 30 seconds to drive off preformed CO.. If the 
presence of a-keto acids is suspected, heating is continued in the water 
bath as long as may be necessary to complete the evolution of the CO: from 
such compounds. The flask is now stoppered, and the solution is cooled 
to below 15°. 

Flask B is now freed of atmospheric CO: by passing through it 250 ml 
of CO.-free air. After the first 100 ml have been run through, standard 
Ba(OH),. solution is pipetted into the flask as follows: for the macro- 
analysis 3 ml of 0.25N, for the micro- 1.000 ml of 0.125N, and for the 
submicroanalysis 1.000 ml of 0.0155N hydroxide. The stream of CO--free 
air is continued through the flask while the Ba(OH), is being pipetted in. 

Into the amiffo-acid solution in flask A there are now introduced 50, 100, 
or 150 mg of ninhydrin with a glass spoon according to the size of the 
sample. Both flasks are quickly connected with the U-tube as shown in 
Fig. 1, the lower ends of the rubber connecting tubes being first dipped in 
water for lubrication. The apparatus is immediately evacuated with a 
water pump, and the clamp at the top is closed. Several analyses may be 
prepared as far as this stage, and then boiled together. 

The entire apparatus is now immersed upright as far as the clamp in a 
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bath of boiling water for the time necessary to complete the reaction with 
ninhydrin. The times required are given in Table 1. 


Table 1. Boiling Time for Completion of the Reaction with Varying Concentrations 
of Ninhydrin * 


Ninhydrin 50 mg ~ 100 mg fe ee re 
y H 2.5 H 4.7 p y p 
Sar trae ary ys S Canin Keniny (min) (min) 
1 7 6 = — —- 
2 14 11 71.6 6 —— — 
3 20 15 12 8 ¥¢ 6 
4 25 20 16 10 9 8 
5 32 25 20 12 13 10 


Distillation of CO». The distillation of the CO2, with most of the water, 
from A into B is accomplished simply by lifting B over the edge of the hot 
water bath and immersing the lower half of B in cold water, while A and 
the limb of the U-tube above A remain in the boiling water. The time 
used to complete the distillation of CO. into B is 2 minutes when the 
volume of amino-acid solution in A is 1 or 2 ml; 3 minutes when it is 3 to 
5 ml. The receiving flask is shaken during the distillation to mix the dis- 
tillate with the Ba(OH). solution. This is required to obtain complete 
CO, absorption. 

When the distillation is finished, the apparatus is cooled and CO--free air 
from the reservoir is admitted through D. D is then closed again with the 
clamp and the apparatus is left connected until one is ready for the titration. 

Titration. Macroanalysis. The titration is carried out with the N/7 HCl 
from a 5-ml burette. One drop of phenolphthalein solution is added as 
indicator. No especial precautions against atmospheric CO, are required, 
except that the titration is carried out at once after flask B is disconnected. 

Microanalysis. This is done with N/35 HCl and with the 5-ml burette 
in the same manner as in the macroanalysis. 

Submicroanalysis. The titration is carried out with N/14 HCl and the 
Rehberg micro burette. Immediately after disconnecting from the U-tube, 
the flask is placed on the stand of the Rehberg burette and a stream of 
CO,-free air is started bubbling through the Ba(OH), solution as rapidly 
as it can go without splashing the solution up on the walls of the flask. 
A drop of cresol red solution is added, and the acid from the burette is 
run in from the submerged tip until the color of the titrated solution 
matches that of an equal volume of veronal buffer solution containing 
1 drop of cresol red. 

Blank Analyses. With each series of micro- or submicrotitr ations, dupli- 
cate blank analyses are performed the same day. The blank analysis 
is performed with an equal volume of water in place of the amino-acid 
solution, and with all the reagents used in the analysis except the ninhydrin. 


* From Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P.. J. Biol. C 
671 (1941). ’ MA . and Hamilton, P., J. Biol. Chem., 141, 
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Ninhydrin evolves no CO; from itself, and one can safely economize on the 
expensive reagent by omitting it from the blanks. The volume, 7',, of the 
standard HCl required in the blank analysis to neutralize the Ba(OH), 
after the distillation, serves as the basis of the calculation in the analyses 
of amino acids. It is not necessary to determine the traces of CO, yielded 
by the water and reagents in the blank. The 7; value includes a correction 
for these, as well as representing a standardization of the Ba(OH), solution. 
For the macroanalyses the blanks need not be repeated for every series. 

Calculations. If T, represents the ml of N/7, N/14, or N/35 HCl used 
in titrating the blank, and 7. the ml of the same HCl used in the amino- 
acid analysis, the results are calculated as: 

Mg carboxyl nitrogen or carboxyl carbon = (7, — T2) X factor (1) 

For carboxyl nitrogen the factor is 1, when N/7 HCl is used; 0.2 when 
N/35 HCl is used; 0.5 when the HCl is N/14. 

For carboxyl carbon’ the corresponding factors are 0.857, 0.1715, and 
0.4285, respectively. 

Unfortunately, according to Hamilton and Van Slyke," the titration 
method described here cannot be applied to blood filtrates because traces 
of volatile acids distill with the CO, and cause positive errors. If picric 
acid filtrates are used, some of the picric acid also distills over. In the 
titrametric procedure of Christensen, West, and Dimick, the evolved CO, 
is bubbled through water before reaching the barium hydroxide. This 
treatment prevents the error from volatile acids, but the method does not 
yield precise results with the small amount of amino acids in 1 ml of plasma. 

Remarks on Ninhydrin-Manometric Method for Amino Acids in Blood 
and Urine. The manometric method has been applied to blood plasma by 
MacFadyen '° without any preliminary deproteinization or removal of 
urea. These substances evolve small amounts of CQs:, but corrections for 
them can be accurately applied. MacFadyen observed that clotting of 
the blood causes a 10 to 40 per cent increase in the amino-acid content 
of the resulting serum over that in the corresponding plasma. 

Hamilton and Van Slyke “ found that the amino acids could be most 
accurately determined on protein-free filtrates of plasma, unclotted whole 
blood, or erythrocytes deproteinized with picric acid. 

A preliminary removal of urea with urease is required only on uremic 
blood. In non-uremic blood, the combination which takes place between 
urea and ninhydrin retards the hydrolysis of urea to such an extent as to 
reduce the CO, formed in this manner to a negligible quantity. 

When the manometric method is applied to urine,*» the urea is first 
hydrolyzed with urease. 


Titration of Amino Acids 


Formol Titration. The best known of the titration methods for amino 
acids is the formol titration, first introduced by Sérenson.“ In modern 
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chemical terms the reaction that takes place can be represented by the 
equation: 
-OOC -R- NH;+t + CH.O —> ~-OOCRNH:; - CH:0 + Ht 

The formol titration has found extensive use in the investigations of 
protein chemistry. The gist of the procedure is to neutralize excess acidity 
in the solution to be titrated by a preliminary adjustment of the pH to 
between 6 and 7, add neutralized formaldehyde, and then titrate the solu- 
tion with standardized alkali to about pH 9.0. According to Levy,’ the 
maximum accuracy is obtained when, (1) the concentration of formaldehyde 
is maintained between 6 and 9 per cent, (2) the concentration of amino 
acids is as high as possible, (3) the end point of the titration is at pH 9.1, 
and (4) no correction is applied for a blank. 

Indicators, neutral red for the preliminary neutralization to pH 7 and 
phenolphthalein for the final titration to pH 9 may be employed," or the 
end points may be determined more accurately by means of the glass elec- 
trode.” 

Van Slyke and Kirk !8 point out that the effect of preliminary neutraliza- 
tion of amino-acid mixtures changes the titration from an approximate 
measure of the carboxyl groups to an approximate measure of the primary 
amino groups plus the imino groups of the proline and hydroxyproline, 
together with any ammonia and free amines that may be present. The 
results are not sharply stoichiometric in all cases. When the titration is 
carried out to pH 9.0 as the end point, the titrations of proline and hydroxy- 
proline are only about 80 per cent complete and of histidine about 88 per 
cent complete. 

Dunn and Loshakoff !” made use of the formol titration to determine 
the purity of amino acids. Using the glass electrode to determine the end 
point of the titration, monoaminomonocarboxylic acids could be determined 
with a precision of + 0.1 per cent. The formol titration has been applied 
to the determination of the amino-acid content of the blood and urine.!8 
Ultra-microanalytic procedures have been developed by Borsook and 
Dubnoff '° and by Cisco, Cunningham, and Kirk.?° These are applicable 
to between 5 and 15 y of amino nitrogen. 

Formaldehyde Titration of Blood and Urine.'® Blood. On blood, the 
titration is carried out on a colloidal iron filtrate. Five ml of whole blood 
(no anticoagulant) is diluted with 35 ml of distilled water and heated to 
boiling in an Erlenmeyer flask. One ml of a 10 per cent solution of colloidal 
iron oxide is added, a few drops at a time, and the mixture is shaken after 
each addition. The mixture is transferred to a Pyrex test tube, made up 
with boiling water to a volume of 52 ml (= 50 ml at 20°), and immediately 
filtered. After cooling to room temperature, four 15-ml portions of the 
filtrate, each equivalent to 1.5 ml of blood, are evaporated to dryness and 
the residues are each dissolved in 2 ml of water. Two of the filtrates are 
used to prepare color standards for the starting point (pH 7 with neutral 
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red) and the end point (pH 9 with phenolphthalein). The other two blood- 
filtrates are titrated as follows: 1 drop of neutral red is added and the 
solution is titrated to match the neutral red standard. Then 0.4 ml of 
neutralized formalin and 3 drops of 0.1 per cent phenolphthalein are added 
and the solution is titrated with 0.01N NaOH to match the phenolphthalein 
standard. 

Neutral red standard. This is prepared by adding 0.4 ml of 0.05M NaH.PO, 
solution and 1 drop of neutral red to one of the filtrates. The solution is 
then titrated with alkali until it is at the point of the sharp color change of 
the indicator. 

Phenolphthalein standard. One drop of neutral red, 1 drop of 0.1 per 
cent phenolphthalein, and 0.4 ml of about 40 per cent formaldehyde solu- 
tion are added to a filtrate and 0.1M NaOH is added until the maximum 
color is developed. 

From the volume of 0.01V NaOH used to titrate the blood filtrates, a 
correction is subtracted for the volume required to neutralize the amount 
of formaldehyde added. The calculation may be made as follows: 


Amino N in sample = 0.14 A (2) 
Amino N per 100 ml blood = 9.34 A (3) 


where A represents the corrected number of ml of 0.01N NaOH used in 
the final titration. 

Urine.1*: 71 Titration of urine requires the preliminary precipitation of 
albumin, if any is present, and of phosphate. The proteins of nephritic 
urine are precipitated by adding 5 drops of 10 per cent acetic acid to 50 ml 
of urine and then heating on a steam bath. The protein is filtered off and 
an equivalent of 50 ml of urine is introduced into a 100-ml volumetric 
flask. To this 2 gm of BaCl; is added and dissolved by shaking. The 
solution is then made alkaline to litmus paper by the addition of saturated 
Ba(OH)>.. The solution is now made up to 100 ml with distilled water, 
allowed to stand for 15 minutes, and then filtered. Fifty ml of the urine fil- 
trate is concentrated in vacuo until the ammonia is removed. The residual 
solution is then acidified to litmus paper with 1N HCl and further distilled 
to remove CO.. The sample is then transferred to a 50-ml volumetric 
flask, neutralized approximately with CO.-free 1N NaOH, and made up 
to volume. One ml of the final solution represents 0.5 ml of urine. A 2-ml 
sample is used for the preparation of the Northrop alkaline color standard. 
The neutral red color standard is prepared from 1 ml of the original un- 
treated urine. (Addition of phosphate to the barium-treated urine would 
cause precipitation of phosphate.) 

Titrations of aliquots of the urine-filtrates are carried out as described 
for the titration of blood filtrates. 

Acetone Titration. The principle of acetone titration is that addition of 
acetone changes the pK values of the amino acids through the consequent 
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lowering of the dielectric constant of the solution. Acetone moves the pK, 
values up far enough to make this buffer group titratable with HCl. 
Linderstrém-Lang introduced the acetone titration for the estimation of 
amino acids. It was applied to the estimation of amino acids in blood 
filtrates by Zirm and Benedict.” 

In the Zirm and Benedict titration, blood serum is deproteinized with 
colloidal iron as described above. The aqueous filtrate is adjusted to 
pH 3.9 before acetone is added. Acetone (30 ml per 2 ml sample) is added 
and the titration is carried out with alcoholic HCl to the end point of the 
indicator used in the preliminary adjustment of the pH. The indicator 
employed is a 0.1 per cent alcoholic solution of o-naphthyl red (benzoyl- 
azo-a-naphthylamine). The colors are matched against appropriate 
standards. The color of the final titration, because of the effect of the 
acetone on the pK of the indicator, is equivalent to that of a water solution 
of about pH 4.8. 

The color standards are prepared in the following manner. 

Standard I is made by diluting 1 ml of 0.025N HCl to 400 ml with water. 
Two ml of this solution is mixed with 4 drops of a 0.1 per cent alcoholic 
solution of naphthyl red. The pH of the standard is approximately 3.9. 

Standard II is prepared by mixing 2 ml of water, 0.3 ml of 0.025N HCl, 
4 drops of the naphthyl] red solution, and 30 ml of acetone. 

Glacial Acetic Acid. Amino acids dissolved in glacial acetic acid solution 
are strong enough bases to be titrated with standardized solutions of per- 
chloric, sulfuric, or hydrobromic acids.” ** The end points may be de- 
termined electrometrically, or by indicators such as crystal violet or benzoyl 
auramine. Commonly 0.1 to 0.2 gm of amino acid is titrated in about 
30 ml of glacial acetic acid. Arginine and lysine behave as diacidic bases, 
all others as monoacidic bases. The chemistry of the titration may be 
represented by the following equations: 

(1) *NH; - R—COO- + HAc = +NH;- R—COOH + Ac” 
(2) Ac” + H* = HAc 


CLINICAL SIGNIFICANCE OF AMINO-AcID ConTENT OF BLOOD AND URINE 


Protein metabolism is essentially the metabolism of the amino acids.2> 26 
The food proteins are hydrolyzed to amino acids during digestion. The 
proteins of the tissues are synthesized from the amino acids of the ingested 
foods and they in turn are hydrolyzed to amino acids when the tissues 
undergo autolysis. The amino acids also serve as the source of essential 
non-protein substances such as the purines, creatine, glutathione, carno- 
sine, and the hormones thyroxine and epinephrine. Only a small fraction 
of the amino acids from the food is incorporated into the proteins of the 
body. The greater proportion is deaminized and the nitrogen-free residues 
ies be converted into carbohydrate and fat or may be burned for body 
uels. 
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The ingested proteins probably are completely hydrolyzed to amino 
acids by the proteolytic enzymes of the alimentary tract and the liberated 
-amino acids are absorbed into the blood stream. During digestion, the 
amino-acid content of the blood may increase as much as 20 per cent. Of 
the absorbed amino acids, a large fraction is taken up and catabolized by 
the liver, the nitrogen being converted to urea. The tissues, as well as the 
blood, accumulate free amino acids. Even in the fasting animal the amino- 
acid concentration is about 10 times as great in the tissues as in the blood 
plasma; 7.e., about 40 to 60 mg of amino-acid nitrogen per 100 gm of fresh 
tissue as compared with about 5 mg per 100 ml of plasma. When amino 
acids are injected into the circulation, they are quickly taken up by the 
tissues. This increases the tissue amino-acid content 2 or 3-fold over the 
fasting level.® 
Blood amino acids, The amino-acid concentration of the blood remains 
exceedingly constant. Most physiological and pathological changes induce 
little alteration in the blood amino-acid concentration.?7 Normal levels of 
blood amino-acid nitrogen determined by certain of the analytical methods 
are recorded in Table 2. 


Table 2. The Amino-Acid Nitrogen Content of Normal Human Blood as Determined 
by Different Procedures 


Blood Plasma 


Ninhydrin Nitrous Acid Folin Colorimetric 
Carbon Dioxide Method Tethod / 

Range Mean Range Mean Range Mean 
3.84-5.52 4.36 + 0.48 1 * 3.78-5.16 - 4.490 4.8-7.8 6.3 24 
3.35-5.00 4.07 + 0.76 1° 
2.3-6.6 ASV 1.0 4s 

Blood Corpuscles 
6.98-9.64 rae 8.90-13.138 10.88 4 


The blood amino-acid nitrogen is not reduced even by prolonged fasting. 
The level is not significantly affected by age, by sex, or by normal preg- 
nancy.2® Certain endocrines have a noticeable effect on the blood amino- 
acid level. Insulin and epinephrine both have been found to lower the amino- 
acid nitrogen in spite of their opposite effects on the blood sugar.?**° 
Intravenous administration of the growth factor of the anterior pituitary, 
as well as of pitressin, antuitrin §, adrenal cortical hormone, testosterone 
propionate, and thyroxine induced marked increases in the amino-acid 
content of the plasma.”* At 

In normal conditions, the liver is the sole site of the deamination of 
amino acids absorbed from the intestine.** The amount of hepatic tissue is 
greatly in excess of the amount required, so that 90 per cent or more of 
this organ must be removed before the metabolism of the amino acids is 


* Superior numbers refer to references at the end of the chapter. 
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significantly interfered with. The determination of amino-acid nitrogen 
has its greatest diagnostic value in conditions associated with acute wide- 
spread degeneration of the liver. Elevated blood amino-acid values are 
found in acute yellow atrophy, phosphorus, chloroform, and carbon tetra- 
chloride poisoning, arsphenamine hepatitis, cinchophen poisoning, and in 
some cases of eclampsia. In these conditions the amino-acid nitrogen of 
the blood plasma is usually between 10 and 15 mg per 100 ml with occa- 
sional higher values.®? The increased concentration of amino acids in the 
blood is associated with a corresponding increase in the amino-acid con- 
tent of the urine. Normally the content of the free amino acids of the 
urine is too low to permit their being isolated. In extensive hepatic de- 
generation, leucine and tyrosine may crystallize from the urine. The 
positive identification of the crystals of these amino acids is assumed to 
indicate extensive hepatic damage. The amino-acid level of the blood is 
of no value in the diagnosis of cases of incipient or advanced cases of 
liver disease without massive degeneration.*® 

Elevated levels of blood amino-acid nitrogen in eclampsia are presumed 
to be due to hepatic lesions which may occur in this condition. 

Elevated blood amino-acid nitrogen is occasionally observed in ad- 
vanced nephritis. In most cases of nephritis with high blood non-protein- 
nitrogen values, the amino-acid content remains within normal limits.” 

Farr and MacFadyen * have observed that the plasma amino-acid con- 
centration is subnormal in children suffering from nephrosis. They found 
that nephrotic crises were ushered in with a sudden further fall in plasma 
amino-acid concentration. This returned to the precritical subnormal 
level upon recovery. 

Determination of the amino-acid content of the blood is of value in the 
control of intravenous amino-acid therapy. 

Amino Acids in the Urine. The quantity of free amino acids normally 
excreted into the urine is slight. The amount ranges from 0.1 to 0.2 gm 
of amino-acid nitrogen daily, or 0.5 to 1.5 per cent of the total urinary 
nitrogen.” Considerable quantities of conjugated amino acids, in man 
principally glycine combined in the form of hippuric acid, may occur in 
the urine. The total amino-acid nitrogen of the urine is between 0.4 and 
1.0 gm daily or about 2 to 6 per cent of the total urinary nitrogen. 

An increase in the free amino-acid content of the urine occurs in diseases 
with extensively impaired hepatic function or in conditions characterized 
by extensive tissue autolysis.® 

In normal pregnancy, histidine becomes detectable in the urine at about 
the fifth week of gestation and disappears from the urine a few days 
after delivery. In pregnancy with eclampsia, the histidine disappears from 
the urine.,*4-6 

Eexeretion of certain free amino acids in the urine occurs in several rare 
diseases that represent inborn errors of metabolism.*7 
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ESTIMATION OF THE INDIVIDUAL AMINO ACIDS 


Progress in the chemistry and physiology of the proteins is greatly aided 
by accurate and simple methods for the estimation of each of the known 
amino acids. This is a goal which is far from having been attained. In 
a recent review, Vickery *° has classified the amino acids according to the 
accuracy with which they can be determined. His classification is repro- 
duced in Table 3. Vickery originally listed 9 amino acids for which there 
are satisfactory methods of analysis. To his list there have been added 
serine, threonine, and hydroxylysine. Satisfactory methods for the 
determination of these amino acids have been recently developed, based 
on the reaction between a-hydroxyamino acids and periodate, introduced 
by Nicolet and Shinn.*° 

It would be beyond the scope of this work to present a detailed account 
of the different methods of analysis for each of the amino acids. The dis- 
cussion will be confined to a consideration of the chemical principles 


Table 3. Amino Acids Classified According to Degree of Accuracy with Which 
They Can Be Determined * 


A. Amino acids concerning which our information is little better than qualitative. 


Hydroxyglutamie acid Isoleucine 
Valine Norleucine 
Thyroxine Diiodotyrosine 


B. Amino acids for which methods of a considerable degree of probable accuracy have 
been proposed. These methods have been applied to very few proteins as yet. 


Glycine Proline 
Alanine Hydroxyproline 
Leucine Phenylalanine 


C. Amino acids for which existing methods appear to give satisfactory results. 


Cystine Glutamic acid 
Tyrosine Arginine 
Tryptophane Histidine 
Methionine Lysine 
Aspartic acid Serine 
Threonine Hydroxylysine 


which form the basis for the estimation of the amino acids that can be 
easily determined. Detailed descriptions of the procedures for the analysis 
of the amino acids are given in the monograph of Block and Bolling.” 


Methods of Fractionation into Groups 

For the determination of the amino-acid content of a protein, it is neces- 
sary to effect its complete hydrolysis, a detailed description of which is 
found in Chapter IV. 

If a complete analysis is to be attempted, it is convenient first to separate 
the amino-acid hydrolysate into a number of fractions. Several procedures 
are available by which this can be carried out. The earliest of these is 


* From Vickery, H. B., Annals N. Y. Acad. Sci., 41, 87 (1941). 
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steam distillation of the amino-acid esters. This method, developed by 
Fischer, has fallen into disuse. 

Dakin’s Butyl Alcohol Method. This, which is probably the best of 
the methods, depends on the distribution of the amino acids between two 
phases: water saturated with butyl alcohol, and butyl alcohol saturated 
with water.“ When a concentrated protein hydrolysate freed from acid 
is continuously extracted with butyl alcohol, the following fractions are 
obtained: 

(1) The monoaminomonocarboxylic acids, both aliphatic and aromatic, 
insoluble in ethyl alcohol, but extracted with butyl alcohol. 

(2) Proline, soluble in absolute ethyl alcohol and extracted with butyl 
alcohol. Hydroxyproline is extracted at atmospheric pressures, but not 
at reduced pressures. Propyl alcohol may be used to extract hydroxyproline 
under reduced pressure. 

(3) Peptide anhydrides (diketopiperazines) are extracted by butyl 
alcohol, but are separated from the other extracted material by their 
sparing solubility in alcohol or water. 

(4) The dicarboxylic acids are not extracted by butyl alcohol. They 
can be isolated as their calcium salts, which are insoluble in 80 per cent 
ethyl alcohol. 

(5) The basic amino acids are not extracted by butyl alcohol and can 
be isolated by precipitation with phosphotungstic acid. 

The Electrical Transport Method. The migration of the electrically 
charged amino acids in the field of a direct current can be used to make a 
partial fractionation of a protein hydrolysate.**: ** A protein hydrolysate, 
maintained at pH 5.5, separates into the following 3 fractions under the 
influence of a direct current; (1) the acidic amino acids, glutamic and 
aspartic, migrate toward the anode; (2) the basic amino acids, arginine, 
histidine, and lysine, migrate toward the cathode; and (3) the monoamino- 
monocarboxylic acids remain in the center compartment. 

Copper Salts. The differential solubilities of the copper salts of the 
amino acids in water and in methyl alcohol was made the basis of a method 
for fractionation of amino acids by Schryver and his pupils.*”7 The success 
of the method depends upon the use of very pure dry solvents and thor- 
oughly dry copper salts. The copper salts of the amino acids are dehy- 
drated with absolute acetone. They are then fractionated as follows: 

I. Water-insoluble Fraction 
ope: the copper salts of leucine, phenylalanine, and aspartic 
acid. 

Il. Water-soluble Fraction 

It is fractionated with methyl alcohol into: 

(a) Copper salts which are insoluble in methyl] alcohol. 
This fraction contains alanine, tyrosine, glycine, lysine, 
arginine, histidine, and glutamic acid. 
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(b) Copper salts which are soluble in methyl alcohol. 
This fraction contains valine, hydroxyvaline, proline, and 
prolylphenylalanine. 


New General Quantitative Methods 


Certain new general principles have been suggested for the quantitative 
estimation of amino acids. Two new chemical developments are the 
solubility method of Bergmann and Stein 48 and the isotope dilution method 
of Rittenberg and Foster.4° They have in common the premise that it 
is impossible quantitatively to isolate every component of a mixture such 
as a protein hydrolysate. Both methods attempt a quantitative gravi- 
metric analysis without the necessity of quantitatively isolating the sub- 
stance subjected to analysis. 

The solubility method is based upon the physical chemical principle 
that the solubility product of the ions of a saturated solution is a constant. 
The application of the solubility method to the determination of amino 
acids is shown graphically in Fig. 2, from which it will be noted that the 
solubility products, K; and K», do not appear in the final equation. Thus 
the final answer is, within considerable limits, independent of the absolute 
value of the solubility of the amino-acid salt. 


— 





= 
Solubility Method 








A=mM Amino Acid R= mM Reagent S=mM Salt 
in Sample Added Dissolved 


Fic. 2. The solubility method 
applied under conditions in which 
the solid phase is preformed and 
allowed to dissolve in the sample 
instead of being formed by pre- 
cipitation from the sample. R 
represents that portion of the 
sulfonic acid added as'such. §S 


Solution 1 Solution 2 








tributed to the solution by the 


K,- 5,(A+5,) Ka=(R+52)(A+ 52) salt as it dissolves. 
gare ta ass From Moore, S., Stein, W. H., 
Rane Ae = Se Equation I and Bergmann, M., Chem. Rev., 
yee ant ore 30, 423 (1942). 
‘> ) 
K,*FK>- fe Ne Sel Sea Equation Il 


T(R+5,)-3; 





The development of the solubility method has simplified the search for 
reagents useful for analysis of the amino acids. It is no longer necessary 
to seek reagents that quantitatively and selectively precipitate only one 
amino acid. Amino-acid salts with a solubility in water at 0° of the order 
of 1 to 5 per cent have been found to be most useful for analysis by the 
new method. . 

In applying the solubility method, the aromatic sulfonic acids have 
been found to be particularly useful reagents. Besides forming sparingly 


represents the sulfonic acid con- , 
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soluble salts with amino acids, the sulfonic acids are almost as strong acids 
as hydrochloric or sulfuric acid. Consequently they will form dissociable 
salts with any substances possessing a basic group. This property consider- 
ably simplifies the application of the solubility product principle. Some 
examples of useful sulfonic acids are: 2-bromotoluene-5-sulfonic acid for 
the estimation of leucine, 2,5-dichlorobenzene sulfonic acid for phenyl- 
alanine, etc. 

The isotope dilution method makes use of the principle that if a known 
amount of an isotopically labeled amino acid is added to a mixture, and 
then some of the amino acid is isolated, the percentage of isotope in the 
isolated amino acid will bear a quantitative proportionality to the total 
amount of the amino acid in the mixture. The quantity can be calculated 
from the equation . 

= ia = 1) P (4) 
C 


where y is the quantity of amino acid in the mixture, z is amount of labeled 
amino acid added, Co is the isotope concentration above normal of the 
amino acid added, and C is the isotope content of the isolated amino 
acids. 

At present this tool is restricted because of the limitations that exist 
for the isolation and measurement of isotopes. In the work carried out by 
Rittenberg and Foster, heavy nitrogen, N1®, was used to label the amino 
acids. In some instances deuterium, which is much easier to obtain and 
to estimate, has been employed for this purpose.. For the sulfur-containing 
amino acids, 8 ** could be similarly used. 

Microbiological Assay. Biological methods for the estimation of amino 
acids that appear to hold great promise are assays with the lactic acid 
producing organisms, lactobacillus arabinosus, and lactobacillus casei,®®: ™ 
and with mutants of the ascomycete Neurospora crassa.” 

The growth and lactic-acid production of the lactobacillus organisms are 
functions of certain essential nutrilites. These include some of the amino 
acids. By preparing media in which only one of the essential amino acids 
for the microorganism is made the limiting factor, the growth, and more 
particularly the amount of lactic acid formed, can be. used to estimate 
the content of the amino acid. By this procedure it is now possible to carry 
out assays for arginine, glutamic acid, leucine, isoleucine, phenylalanine, 
tryptophane, tyrosine, and valine. Kuiken and co-workers ™ have de- 
termined the valine, leucine, and isoleucine content of a number of proteins 
by this method. The method appears to be accurate to within 2 per cent. 

Developments with the Neurospora have not reached such a concrete 
stage. In the case of this organism, x-ray or ultraviolet irradiation gives 
rise to biochemical mutants that require growth factors not needed by the 
untreated organism. Certain of the mutants that have been produced 
have lost their ability to synthesize specific amino acids, e.g., isoleucine and 
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valine. It seems probable that measurement of the growth rate of the 
mutants can be employed for the biological determination of a number of 
the amino acids. 


Special Methods for the Estimation of Individual Amino Acids 


Arginine, Lysine, and Histidine. Satisfactory methods exist for the 
determination of arginine and histidine; the methods for lysine, however, 
are not on the same level of accuracy. A standard method for the isolation 
of the 3 basic amino acids depends on the differential precipitation of their 
respective silver salts from protein hydrolyzates.*: *! The silver salts of 
histidine and arginine are precipitated from a hydrolyzate at pH 9-12. The 
lysine is left behind and may be isolated as the phosphotungstate. 
The precipitate of silver arginine and histidine is redissolved and the sil- 
ver histidine salt is precipitated by adjusting the pH to exactly 7.4, leaving 
the arginine in solution. 

The above 3 amino acids can also be determined in the phosphotungstic 
acid precipitate from a protein hydrolyzate by the nitrogen distribution 
analysis of Van Slyke.*® This method depends upon the facts that one- 
half of the nitrogen of arginine (of the guanidine group) is hydrolyzed to 
ammonia by heating with concentrated alkali and that in the reaction with 
nitrous acid, arginine yields only + and histidine 4 of its nitrogen. It has 
long been realized that the Van Slyke nitrogen-distribution method is not 
capable of giving results of more than semi-quantitative accuracy. 

More satisfactory, particularly for arginine and histidine, are methods 
based on certain specific properties of these amino acids. Arginine is 
quantitatively precipitated by flavianic acid (l-naphthol-2,4-dinitro-7- 
sulfonic acid). Vickery ** has developed a modification of this procedure 
which he states is definitely superior to other methods on grounds of 
accuracy and precision. 

The specific action of the enzyme arginase from mammalian liver in 
hydrolyzing arginase to ornithine and urea forms the basis of an accurate 
quantitative method for the estimation of this amino acid.*” °° 

The most widely used procedures for determining arginine, however, 
are based on the Sakaguchi color reaction.*? In this reaction, an alkaline 
solution of arginine, because of its guanidino group, yields a red color when 
it is treated with a-naphthol and an oxidizing agent such as hypobromite. 

The color reaction suffers from a number of drawbacks as the basis of 
a quantitative analytical method. The color fades rapidly due to the 
destruction of the colored compound by excess hypobromite. To retard 
fading, Weber ® adopted the expedient of adding urea to stabilize the 
color by reacting with the excess of hypobromite. Another drawback to 
the Sakaguchi method is that many substances, in particular ammonia, 
creatine, tyrosine, tryptophane, and histidine, inhibit the color production. 

Many modifications of the color reaction have been introduced in efforts 
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to improve the specificity and accuracy of the determination of arginine.°? 
MacPherson * found that the color was stabilized by adding urea prior 
to the addition of hypobromite. Dubnoff,® in a micromethod designed 
for biological material, first separates the arginine by adsorption on Per- 
mutit to eliminate interfering substances, and then carries out the color 
reaction after eluting the arginine from the Permutit with 3 per cent 
NaCl solution. : 

Brand and Kassel © carry out the determination on a series of dilutions 
of a protein hydrolysate and extrapolate the arginine values to zero arginine 
concentration to obtain correct results. This scheme is based on the 
observation ® that the color intensity decreases as a linear function of the 
increase in the amount of arginine employed for the analysis. 

The Kapeller-Adler color reaction ® is widely used in the estimation of 
histidine. In this reaction, a blue-violet color is obtained when an alkaline 
solution of histidine is brominated or is treated with diazotized sulfanilic 
acid. The histidine reaction suffers from the same drawbacks as the 
arginine reaction, namely, a rapid fading of the color and interference by 
many substances with the color development. Many modifications have 
been suggested to obviate this difficulty.™: °° In general, it is first neces- 
sary to precipitate histidine from protein hydrolysates with AgNO; and 
HgSO, in 5 per cent H.SO,. Woolley and Peterson 7 recommend that the 
histidine be precipitated with phosphotungstic acid as well as with silver 
and mercury before applying the Kapeller-Adler reaction. 

Tryptophane, Phenylalanine, Tyrosine, Dihydroxyphenylalanine, Diiodo- 
tyrosine, and Thyroxine. Although there are separate methods for the 
estimation of tryptophane, both it and tyrosine are generally determined 
according to the same scheme. 

Independent methods for tryptophane are those based on its ability to 
couple with aldehydes in the presence of a condensing agent. In the 
Hopkins-Cole test, tryptophane reacts with glyoxylic acid in the presence 
of concentrated sulfuric acid to give a blue-violet color. This is commonly 
used as a qualitative test for proteins. It depends upon the presence of 
tryptophane. The method can also be used for the quantitative determi- 
nation of tryptophane. The aldehyde, p-dimethylaminobenzaldehyde 
(Ehrlich’s reagent), is more commonly used than glyoxylie acid for this 
purpose. When a compound containing the indole nucleus, in the case of 
proteins one containing tryptophane, is treated with Ehrlich’s reagent in 
the presence of concentrated HCl, a dark-blue color develops, which is 
quite stable and can be used for the quantitative determination of trypto- 
phane.”-8 Addition of a suitable accelerator (oxidizing agent) increases 
the speed of the color development so that maximum color formation is 
obtained in 5 to 10 minutes. Sodium nitrite is used as an accelerating agent 
by Bates.” With the aldehyde reaction, it is not necessary to hydrolyze 
a protein to secure the free tryptophane. The reaction is given by con- 
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jugated tryptophane, but the shade of color may vary with the nature of 
the groups united to this amino acid. 

Phenylalanine may be determined by nitrating it to 3,4-dinitrophenyl- 
alanine. The nitro compound is then reduced with hydroxylamine in the 
presence of ammonia. The purple color of the resulting ammonium 
3,4-dihydronitrophenylalaninate is estimated colorimetrically.” 75 

Tyrosine and tryptophane are more commonly determined by modifica- 
tions of the method of Folin and Ciocalteau.”*7* In this procedure the 
protein is hydrolyzed with alkali and tryptophane is removed with the 
Hopkins Cole reagent (15 per cent HgSO, in 6N H.8O,). The H.SO, at 
a concentration of 3.5 to 7.5 per cent prevents the precipitation of tyrosine. 
The tyrosine is then estimated colorimetrically either with the phenol 
reagent of Folin and Ciocalteau or by means of Millon’s reagent. The 
phenol reagent is a phosphotungstic-phosphomolybdie acid stabilized with 
lithium sulfate, which is reduced by phenols to yield an intense blue color. 
Ordinarily color development with Millon’s reagent is slow, but upon boil- 
ing tyrosine with HgSOu., it becomes capable of reacting almost instantly - 
with either Millon’s reagent or simply with sodium nitrite to yield an 
orange color. 

The precipitated tryptophane is freed from mercury, and determined 
by the color it develops with the phenol reagent. Brand and Kassell 7° 
have adapted the above procedures to photometric determination with 
the Pulfrich photometer. 

By taking advantage of the fact that hydrolysis with alkaline stannite 
solution converts diiodotyrosine and thyroxine to reactive phenols, the 
above authors determine these amino acids with Millon’s reagent. 

Dihydroxyphenylalanine (dopa) can be estimated by treatment with 
nitrous and phosphomolybdic acids. This gives a yellow-colored substance 
which changes to orange-red in alkaline solution.*° | 


The Sulfur-containing Amino Acids: Cysteine, Cystine, Methionine 


A system of analysis for the sulfur-containing amino acids has been 
devised by Baernstein.*! In this procedure, the protein is hydrolyzed with 
hydriodic acid. Hydrolysis with this acid is more rapid; humin is not 
formed and reactive fragments of carbohydrate are eliminated. Cystine 
is reduced to cysteine, methionine is demethylated with the formation of 
thiolactone, and sulfates are reduced. 

In this system of analysis, the cysteine from cystine is determined 
colorimetrically by the method of Sullivan ” or titrametrically by the 
Okuda method.** The methionine is determined either by estimation of 
the volatile methyl iodide which is formed, or by titration of the resulting 
homocysteine with tetrathionate, after opening the thiolactone ring with 
alkali. 

Lavine ™ has proposed a method for the estimation of methionine based 
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on its reversible reaction with iodine. Thio-ethers like methionine form 
perhalides according to the reaction 


RS + X:=—= RS - Xa 


Acidification of the solution results in the reversal of the above reaction 
with the liberation of I,, which may be titrated with thiosulfate. By carry- 
ing out the iodination reaction at pH 7 in 1M KI solution, a considerable 
specificity for methionine is achieved. McCarthy and Sullivan *° suggest 
the use of the red color which is developed when methionine is treated 
with sodium nitroprusside in alkaline solution and then is acidified, for 
the estimation of methionine. 

A number.of color reactions have been discovered which are quite specific 
for cysteine. These are used to determine cysteine, and after reduction, 
cystine. *~ 

The Sullivan reaction depends upon the color developed when cysteine 
reacts with 1,2-naphthoquinone-4-sulfonate in a highly alkaline solution. 
The red color which develops with cysteine, unlike that with other amino 
acids, is not discharged by reducing agents such as sodium hyposulfite 
(Na.S.0,4). The reaction has been studied and modified by a number of 
investigators.*® *7 Zittle and O’Dell ** found that cystine is reduced and 
precipitated quantitatively by cuprous oxide in acid solution. The cysteine 
in the mercaptide precipitate is determined by the Sullivan reaction, after 
removal of the copper with thiocyanate. 

Another colorimetric reaction for the estimation of cysteine and cystine 
is the blue color obtained when these amino acids are heated with p-amino- 
dimethylaniline in acid solution in the presence of ferric ammonium sulfate. 
The formation of the typical blue color appears to require a thiol group and 
a primary amine separated from each other by two —CH,.— groups, as 
is found in cystine and cysteine.*® 

In the Okuda method,® cystine is reduced to cysteine and the latter is 
titrated with a solution of potassium bromate in the presence of potassium 
iodide. 


Hydroxy Amino Acids: Serine, Threonine, and Hydroxylysine 


These three amino acids can be readily determined from the different 
aldehydes which are formed as a result of their oxidation with periodate. 
Nicolet and Shinn *° adapted the Malaprade ” reaction for compounds 
with adjacent hydroxy groups to the hydroxy amino acids. The reaction 
that takes place is illustrated for the amino acid threonine by the equation 


The acetaldehyde formed from threonine is aerated into sodium bisulfate 
and determined iodometrically.*! Winnick % has developed this into a 
micro diffusion method by treating the hydrolysate with neutral periodate 
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in the outer chamber of a Conway diffusion cell, and allowing the acetal- 
dehyde which results to diffuse into bisulfate solution in the central chamber. 

In the case of serine, the formaldehyde formed by the action of periodate 
is determined as the dimedon derivative.” 

For the determination of hydroxylysine, this amino acid is precipitated 
from protein hydrolysates with the other dibasic amino acids by means of 
phosphotungstic acid. The hydroxylysine is estimated from the ammonia 
liberated by the reaction with periodate.” 


The Dicarboxylic Amino Acids: Glutamic and Aspartic Acids* 


The dicarboxylic amino acids are isolated because of the insolubility of 
their calcium salts in ethanol. This method, which was adopted by Fore- 
man,*® has been critically studied and improved by Chibnall and his 
co-workers.** * The latter workers developed a procedure in which no 
reagent was introduced that could not be quantitatively removed without 
any appreciable loss of nitrogen. Cystine is first removed as the cysteine 
cuprous mercaptide; otherwise sulfinic or sulfonic acids, which are formed 
during the treatment with Ca(OH)2, are precipitated with the calcium 
dicarboxylates and interfere with the subsequent analysis. After the pre- 
liminary precipitation, the glutamic acid is usually isolated as the insol- 
uble hydrochloride and the aspartic acid as the copper salt. If all precau- 
tions are taken, the two dicarboxylic acids can be determined with an 
accuracy of about 98 per cent, according to Chibnall and co-workers. 

Aspartic acid can also be determined by deaminating it to malic acid 
and then brominating it to dibromomalic acid.** The latter is oxidized 
by KMn0O, to dibromo-oxalacetic acid which can be isolated by steam 
distillation. The dibromo-oxalacetic acid combines with dinitrophenyl- 
hydrazine in acid solution, yielding a hydrazone which is insoluble in water. 
The compound is soluble in pyridine and yields a blue color on addition of 
alkali. The color is estimated in a photoelectric colorimeter. 


DETERMINATION AND CLINICAL SIGNIFICANCE OF THE 
PLASMA PROTEINS 


Nature and Origin of the Plasma Proteins 


Determination of the concentration of the plasma proteins offers an 
extremely valuable method for the differential diagnosis of a large number 


* A number of methods of analysis for this group of amino acids have appeared since 
completion of the manuscript. In the procedure of Cannan ™*, the dicarboxylic amino 
acids are adsorbed from a-protein hydrolysate by a basic Amberlite resin and eluted 
from the resin with HCl. The glutamic acid hydrochloride and copper aspartate may 
be crystallized directly in pure form from the eluate. The glutamic and aspartic acids 
in the eluate may be estimated by means of an electrometric titration in water and in 
formaldehyde solution.% Olcott %° has developed a method for the determination of 
glutamic acid based upon a measurement of the loss in amino nitrogen resulting from 
the transformation of glutamic acid to pyrrolidonecarboxylic acid at 125° and pH 3.3. 
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of diseases and also a means of determining the effectiveness of various 
therapeutic measures. The metabolism of the amino acids and of the 
plasma proteins are most intimately related. When amino acids are ad- 
ministered, it is to correct a deficiency of the plasma proteins.°* 1" 

Estimation of the individual plasma proteins is a difficult problem. 
Modern investigation with the Tiselius electrophoresis apparatus shows 
that normal plasma contains albumin, fibrinogen, and three other globulin 
components, designated as alpha, beta, and gamma globulin.!° 1% The 
typical normal electrophoresis pattern is shown in Fig. 3. Chemical evi- 
dence indicates that there may be more protein components in the blood 
plasma than is given by the number of migrating boundaries in an elec- 
trical field.1™ 


Fic. 3. The range of variation of components of twelve normal plasma 
patterns (shaded area). A = albumin; a = a-globulin; 6 = f-globulin; 
y = y-globulin; ¢ = fibrinogen. From Moore, D. H., and Lynn, J., J. 
Biol. Chem., 141, 819 (1941). 





The origin of the plasma proteins is not a completely solved problem. 
The liver appears to be the primary site of synthesis.1°%: 1° Fibrinogen 
production is probably wholly dependent on liver function.'% Albumin 
and globulin are elaborated by the liver, but a growing body of evidence 
indicates that these two proteins can be formed by cells of the reticulo- 
endothelial system outside the liver. The high content of serum globulin 
found in diseases involving bone marrow indicates that the bone marrow 
cells elaborate this group of proteins.!% 

The plasma proteins usually are synthesized from the amino acids of the 
foodstuffs. Parenteral injections of amino acids or of protein hydrolyzates 
can serve as a source of plasma protein nitrogen. This is a subject of 


Table 4. Range of Concentration of Normal Plasma Proteins in Grams per 
100 ml of Plasma * 


Total Protein Albumin Globulin Aiccnee ae f Fibrinogen 
Usual 6.0-8.0 3.6—-5.4 1.5-3.4 1,2-2.6 0.2-0.4 


Extreme 5.6-8.4 3.4-5.6 1.35-3.55 
* From Myers, V. C., and Muntwyler, E., Physiol. Rev., 20, 1 (1940). 
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increasing interest in medical cases that do not tolerate oral ingestion of 
liquid or solid food.**4%! In the opinion of Whipple and co-w orkers,1° 
under certain conditions, cystine appears to serve as a key amino acid in 
determining the utilization of amino acids for the synthesis of the plasma 
proteins. 

There is an intimate relationship between the plasma proteins and the 
tissue proteins, particularly the proteins of the liver. During protein 
deprivation, as in fasting, the plasma protein level appears to be main- 
tained at the expense of the tissues, particularly the liver proteins. 
Conversely, it is believed that the plasma proteins can serve as a source 
of protein storage material for the liver in the event of a plethora. 


Protein Levels in Health and Disease 


The normal range of values of the plasma proteins is given in Table 4. 
Formerly, considerable attention was paid to the fractionation of globulin 
into euglobulin and pseudoglobulin. Electrophoretic studies have shown 
that three globulin components are present normally; namely, a-, B-, and 
y-globulin. This finding has obscured the significance of the pseudo- and 
euglobulin. No considerable amount of data is as yet available on the 
distribution of the 3 newly named globulin components in health and 
disease. 

Upset of the plasma protein content is a very common accompaniment 
of disease. Alterations occur in many diseases. A list of diseases in which 
hypoproteinemia or hyperproteinemia may occur, as taken from the 
compilation of Kagan,"° is given in Table 5. 

Hypoproteinemia is more common clinically than is hyperproteinemia. 
‘When hypoproteinemia is present, it is invariably due to a depletion or 
loss of the serum albumin. Diseases of the kidney are the most important 
group in which hypoalbuminemia occurs. Hypoalbuminemia is also com- 
mon in patients showing evidence of malnutrition. 

The serum albumin is the most important protein in the maintenance of 
the colloid osmotic pressure of the blood. The most prominent clinical 
feature of a gross diminution in the colloid osmotic pressure is edema. 
The lack of albumin is chiefly responsible for the edema resulting from a 
hypoproteinemia. Because of its lower molecular weight and greater 
number of acid groups, serum albumin exerts a greater osmotic effect per 
gram than does globulin. 

In hyperproteinemia, it is almost invariably the serum globulin that is 
increased. Important diseases in which there is hyperglobulinemia are 
multiple myeloma, lymphogranuloma inguinal," subacute bacterial endo- 
carditis, leprosy, and kala-azar."° 

Increase in the fibrinogen content may occur in a variety of conditions, 
such as in slight hepatic injury, acute infections, pregnancy and menstrua- 
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Table 5. Pathological Conditions with Altered Serum Protein Concentration * 


Hypoproteinemia 


Below 6.0 gm per 100 ce 


Hyperproteinemia 


Above 8.0 gm per 100 ce 


1. Malnutrition 1. Dehydration ; 
Dietary Insufficient intake 
(a) Endemic and sporadic Fluid loss 
(b) Associated with chronic infection, (a) Intestinal obstruction and 
pellagra, beri beri fistulae 
Poor Absorption (b) rian especially infants 
LO ta oy Saari acidosis 
(b) Intestinal fistulae, ileostomy fey vomiting 
2. Kidney Diseases 


c=) eos mor) 


Nephroses — all types 
Glomerular nephritis, chronic 
Amyloid kidney 


. Liver Diseases 


Cirrhosis 
Cancer 


. Protein Dilution 


Excess fluid administration 
Fever 


. Protein Loss 


(f) Burns 
(g) Heat exhaustion 
(h) Fulminant infections 
(i) Addison’s disease 
2. Diseases Involving Bone Marrow 
Multiple myeloma 
Malignant metastases to bone 
3. Infections, Chronic 
Syphilis, Trypanosomiasis 
Subacute bacterial endocarditis 
Lymphogranuloma inguinal 


Hemorrhage Leprosy, Kala-azar 
Weeping wounds “hee, i 

; Boeck’s sarcoid 
Shock 


. Heart Failure 
. Hyperthyroidism 
. Chronic Poisoning 


Benzene, War gases 


. Toxemias of Pregnancy 


Malaria, Filariasis 
4. Liver Diseases 
Cirrhosis 
Cancer, primary or metastatic 


tion, focal infections, nephrosis, and following x-ray irradiation.®: ! De- 
creased plasma fibrinogen is found in conditions of hepatic insufficiency, 
typhoid fever, and cachectic conditions, notably malignancy. 

Considerable significance has been attached to alterations in the albumin: 
globulin ratio in clinical medicine. Kagan '° points out that the use of the 
A/G ratio may be misleading. The ratio gives no true insight into actual 
change in either the albumin or globulin concentration. 

‘Kagan points out that the A/G ratio is often reversed in lymphopathia 
venereum and in nephritis. However, in lymphopathia venereum, this is 
due to an increase in the globulin; in nephritis, it is due to a decrease in 
the albumin fraction. Therefore, it is the absolute values of the protein 
concentrations that should receive attention in diagnosis, and not the A/G 


ratio. 
Determination of Total Serum Protein 


Determination of the total serum protein content can be made more 
readily than that of the different protein components. In the majority 
of instances, the changes taking place in the circulatory system can be 


*From Kagan, B. M., Southern Med. J., 36, 234 (1943). 
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readily deduced from the alterations in the total serum protein concentra- 
tion. Estimation of total serum protein is of particular value in controlling 
plasma and fluid therapy in massive hemorrhage, shock, burns, post- 
operative management, and in all other conditions in which there may be 
reason to suspect dehydration, hemoconcentration, or plasma protein 
depletion. 

In collecting and handling blood intended for serum protein determina- 
tion, certain precautions must be taken to obtain correct results."° These 
are: (1) collect blood with a minimum of stasis; (2) capillary blood from 
finger or ear may be used in place of venous blood; (3) serum is to be pre- 
ferred to plasma except when it is desirable to determine fibrinogen; 
(4) blood should be collected without hemolysis; (5) keep specimen in a 
well-stoppered tube to avoid evaporation and in a refrigerator to minimize 
such changes as denaturation; (6) wherever possible the protein analysis 
should be carried out within 24 hours of the collection. 

Gravimetric Method. The gravimetric method is stated to be the most 
accurate available.°? The analysis is carried out by precipitating the pro- 
tein with acetone and then further washing with acetone to remove lipids. 
The protein is then redissolved and coagulated by heat in the presence of 
acetic acid. The coagulum is washed in hot water, alcohol, and ether and 
then is dried in a crucible at 105°, and weighed. 

Kjeldahl Nitrogen Method. This is widely used to determine the total 
protein content and also of the albumin and globulin fractions when they 
are estimated separately.°» The serum protein may be first coagulated 
with trichloroacetic acid and washed to free it from non-protein nitrogen, 
or the serum itself may be analyzed and a correction applied for non- 
protein nitrogen from a separately analyzed aliquot. Only in cases of gross 
nitrogen retention is the correction for non-protein nitrogen of much sig- 
nificance. The protein nitrogen of normal serum amounts to about 1100 mg, 
the non-protein nitrogen to 20 mg per 100 ml, leading to a possible error 
of about 2 per cent. Protein is calculated from the nitrogen value by 
multiplying by the factor 6.25. The results so obtained can be only reason- 
ably good approximations. The nitrogen content of the different serum 
proteins is not exactly 16.0 per cent, as would be required by the factor 
6.25. It has also been pointed out that the nitrogen-containing lipids of 
the serum are ignored in this procedure. No absolutely accurate method 
of determining the serum proteins is available. The gravimetric method 
described above is the best, but nitrogen determination generally serves as 
a standard at the present time. 

Numerous satisfactory micro-Kjeldahl methods are available that require 
only minute samples; these have greatly shortened the time required for 
the analysis. 

Refractivity Method. Refraction was developed as a method for deter- 
mining the serum protein concentration by Robertson." A linear rela- 
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tionship has been shown to exist between the index of refraction and the 
concentration of the serum proteins. The concentration of the protein 
may be evaluated from the equation 


= LN ND) (5)* 


where C represents the protein concentration in grams per 100 ce of solu- 
tion; a the specific refraction; Ni the refractive index of the protein solu- 
tion; and N, the refractive index of the pure solvent. Little use is made of 
the refraction method at the present time. 

Specific-gravity Methods. Methods for the determination of the serum 
protein concentration derived from the specific gravity of the blood serum 
or plasma have recently become very popular. The reason for this is their 
relative simplicity and extreme rapidity. Only a drop of blood is required 
and the determination can be carried out at the bedside. 

That there exists a linear relationship between the protein content and 
the specific gravity was determined on nephrotic patients by Moore and 
Van Slyke." For heparinized blood plasma they offered the formula: 


Total Protein = 348 (sp. gr. — 1.007) (6) 
For blood serum there has been obtained the formula 11° 
Total Protein = 345 (sp. gr. — 1.0076) (7) 


In the hands of Moore and Van Slyke, the specific gravity determina- 
tion was carried out simply by weighing a known volume of blood serum in 
a pyknometer. 

In the methods of Barbour and Hamilton "° and of Kagan ™* the specific 
gravity is determined from the rate of fall of a drop of the blood serum or 
plasma through a viscous medium. Barbour and Hamilton employed a 
mixture of xylene and bromobenzene in a tube 30 cm long. The specific 
gravity is read off an alignment chart that relates falling time and tem- 
perature and the density difference between the drop and the fluid mixture. 
Calibrations are made with aqueous standards. 

The Kagan method employs a mixture of methyl salicylate and liquid 
petrolatum. Calculations are made upon the principle of Stokes’ law for 
the fall of a sphere through a viscous medium. This requires that the 
size of the drop be maintained constant. In the proteinometer of Kagan, 
the radius of the drop of blood serum is standardized by employing an 
exactly identical volume in each determination. Specific gravity of the 
serum is determined from tables based on the Stokes’ equation 
where V is the velocity of fall in em per second, g the gravity constant, r 
the radius of the falling sphere, s the density of the falling sphere, d the 
density of the liquid, and y the viscosity of the liquid through which the 

* A more accurate formula is given by Sunderman." 
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sphere falls. From the specific gravity so obtained, the protein concentra- 
tion is evaluated from the numerical relations embodied in the formulas 
for plasma (6) and serum (7) given above. 

It should be kept in mind that the protein content may not be the only 
factor that influences the specific gravity of the blood serum. It might 
reasonably be expected that in sera of cases with marked nitrogen reten- 
tion or high in glucose, the calculated protein values would be in error. 
Looney ™ was unable to confirm the findings of those investigators 14; 45 
who observed a high correlation between specific gravity and the serum- 
protein concentration. The sera of 10 normal persons and 14 schizophrenic 
patients showed a very low correlation coefficient between the specific 
gravity and the protein content. Similar discrepancies have been reported 
by other workers.1!5 19 

Turbidometric Method.“° Total serum protein may be determined tur- 
bidometrically by diluting serum in the proportion of 1:10 with 1 per 
cent NaCl solution. To 2 ml of this dilution 0.5 ml of 2 per cent gum ghatti 
and 2.5 ml of 5 per cent sulfosalicylic acid are added. The resulting degree 
of turbidity in the solution is read in a photoelectric colorimeter and the 
total protein determined by comparison with a standard curve. 

Colorimetric Methods. The determination of total serum protein by the 
biuret and the tyrosine color reactions is described in the next section. 


Determination of Albumin and Globulin 


Salting-out Procedures. The standard salt used for separating albumins 
and globulins is (NH4).SO,. A method of determining globulin and 
albumin in blood serum by salting out the globulin by half saturation with 
(NH,):SO,4 was devised by Cullen and Van Slyke.Y%! The (NH4).SOx. is 
removed by distillation with MgO, and the nitrogen of the protein residue 
is determined by the Kjeldahl method. It is readily seen that the presence 
of the ammonium ion is a great disadvantage. 

To avoid the use of ammonium salt, Howe !” employed sodium sulfate 
for salting out plasma proteins. This method is probably the one most 
widely used at present. Its one defect is that the temperature has to be 
maintained at about 37° to secure a sufficiently high degree of solubility of 
the NaSO.. 

The concentrations of Na.SO, required to precipitate the different pro- 
teins of blood plasma are given in Table 6.5: P- 8° 

After separating and washing the different protein fractions, each may 
be determined by the Kjeldahl nitrogen method. Values for albumin are 
obtained either by analyzing the globulin-free serum residue or by differ- 
ence between total protein and total globulin. 

Campbell and Hanna '* have proposed the use of Na.SOz in place of 
Na.SO, to estimate the plasma proteins. They state that: “ Determination 
of the albumin and globulin content of serum can be accomplished simply 
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Table 6 * 
Na2SOs Concentration 
Protein Molar Per Cent 
Fibrinogen). 2.08 oar (eh s, ee e 0.76 10.6 
Bugiobulitt. G4) 2 2% Sos ee 1.00 14.2 
PseudoglobulinI . . ... . . + 1.25 17.7 
PseudoglobulinII . .... . . 41.50 21.5 


and rapidly by the use of sodium sulfite as a protein precipitant and a 
copper-selenium-phosphoric-sulfuric acid mixture as the protein digestant.”’ 
Serum globulin is salted out by a 21 per cent Na.SO; solution using 1 part 
of serum to 19 parts of the sulfite. A high temperature is not required to 
keep the Na.SO; in solution. 

Filtration through ordinary filter paper may cause a considerable loss 
of albumin because of adsorption. To minimize this it is recommended 
that hardened filter paper be used.'4 

After the components of the serum proteins are salted out, they may be 
determined by a variety of methods besides that of estimating the nitrogen 
content by the Kjeldahl procedure. 

Turbidometric Method. In the method of Looney and Walsh,”° the globu- 
lin is determined by diluting 1 ml of blood serum with 1 per cent saline to 
10 ml. One ml of the diluted serum is mixed with 2 ml of 2 per cent gum 
ghatti, and then 3 ml of a saturated (NH,).SO, solution are added. After 
mixing, the turbidity is measured in a photoelectric colorimeter. Compari- 
son with a standard curve gives the globulin content. Albumin is obtained 
by difference between the total protein and the globulin content. 

Colorimetric Methods. The Biuret Reaction. The application of the 
biuret color test for the quantitative determination of serum proteins was 
introduced by Autenrieth.”° It has since undergone considerable modifi- 
cation. A careful study of this reaction has been carried out by Robinson 
and Hogden.”° In their procedure, total serwm protein is determined on 
0.2 ml of serum by precipitating the protein with 10 per cent trichloro- 
acetic acid, dissolving the precipitate with NaOH, adding 0.25 ml of 20 per 
cent CuSOu,, and then adjusting the volume to 10 ml. The color is com- 
pared in a photoelectric or a Duboseq colorimeter against standards 
prepared from known dilutions of a standardized blood serum. Serum 
albumin is determined by first salting out the globulin with 30 parts of 
22 per cent Na SOu, and precipitating the albumin in the filtrate with 
trichloroacetic acid. The rest of the procedure is the same as for total 
protein. When a photoelectric colorimeter is employed it is desirable to 
use a 560 my filter. 

The Folin Phenol Reaction. This method, first introduced by Wu,!”’ has 
also undergone a variety of modifications. The procedure of Greenberg ©8 
and of Greenberg and Mirolubova ”° is described here in detail. 


*From Peters, J. P., and Van Slyke, D. D., “Quantitative Clinical Chemistry,” 
Vol. II, Williams and Wilkins Co., Baltimore, Md., 1932. aha 
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Reagents: Na»SOx Solution. 22.5 gm anhydrous Na.SO, is dissolved in 
water to a volume of 100 ml. This solution must be kept at 38° to prevent 
crystallization. 

5N NaOH Solution. 

Tyrosine Standard. Dissolve 200 mg of pure tyrosine to 1 liter with 
approximately 0.1N HCl. Add 1 drop of 1: 1000 merthiolate as a preserv- 
ative. 

Folin and Ciocalteau Phenol Reagent.”© Dissolve 100 gm of sodium tung- 
state, Na.WO, - 2 H.0, and 25 gm of sodium molybdate, Na,.MoO, « 2 H.0, 
in 700 ml of water in a 1500-ml Florence flask. Add 50 ml of syrupy 
(85 per cent) H;PO,4 and 100 ml of concentrated HCl. Connect the flask 
with a reflux condenser by means of a cork or rubber stopper wrapped in 
tinfoil. Boil the solution gently for 10 hours. After boiling, add 150 gm 
of Li.SO., 50 ml of H.O and a few drops of liquid bromine. Boil without 
the condenser for about 15 minutes to remove the excess bromine. Cool, 
dilute to one liter, and filter. The finished reagent should be straw yellow 
in color. Keep in a glass-stoppered bottle. 

Procedure.. Total Protein. Dilute the serum in the proportion of 1 to 
10 with 0.9 per cent NaCl. Pipette 2 ml of the diluted serum into a 20-ml 
test tube, and add about 5 ml of H.O and 2 ml of 5N NaOH. Mix the 
contents and heat in a briskly boiling water bath for 10 minutes. Now 
insert a funnel into a 50-ml volumetric flask and transfer the contents of 
the tube into the flask, washing out the tube with several portions of dis- 
tilled water. Add 3 ml of the phenol reagent, make up to the graduation 
mark and read the color against a standard containing 5 ml of the standard 
tyrosine solution. 

Albumin and Globulin. Pipette 0.5 ml of serum or plasma from a cali- 
brated pipette into a 20-ml test tube. Add exactly 9.5 ml of 22.5 per cent 
Na.SQ, solution with a pipette of that volume or from a burette. Stopper, 
mix thoroughly, and set aside for about 2 hours in an incubator at 37 to 
38° to allow coagulation of the globulin. At the end of this period, filter 
into another test tube, using a fairly retentive filter paper (Whatman 
No. 42 is satisfactory). Examine to see that the filtrate is clear; if not, 
pour back onto the filter paper. After the filtration is nearly complete, 
remove the tube containing the filtrate to be used for albumin analysis. 
Five ml of the albumin filtrate are pipetted into a 20-ml test tube; then 
5 ml of water and 2 ml of 5N NaOH are added. After mixing the contents, 
the tube is heated in the boiling water bath for 10 minutes. The rest of 
the procedure is the same as that given above for the total protein. 

Globulin may be estimated by difference between total serum protein 
and albumin or may be determined directly as given below. 

The residue of the globulin in the test tube in which the precipitation 
was carried out is washed onto the filter paper by 2 washings with 3 ml 
each of Na.SO, solution. The globulin in the filter paper is then washed 
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twice more with 3-ml portions of Na.SO, solution. The funnel is now 
inserted into a 25- to 30-ml test tube. Puncture a small hole in the bottom 
of the filter paper and wash down all the globulin with approximately 
0.01N NaOH. Then unfold the paper and wash off any adhering protein 
into the test tube. The total volume resulting from this should not be 
more than 15 or 20 ml. Now add 2 ml of 5N NaOH and heat in the boiling 
water bath for 10 minutes. Cool, and decant into a 50-ml volumetric 
flask, and wash out with a few ml of water. Add 3 ml of phenol reagent, 
make up to volume and compare as usual against a standard containing 
3 to 5 ml of the standard tyrosine solution. 

Fibrin. The fibrin from oxalated blood is separated after the manner 
of Cullen and Van Slyke. Pipette 1 ml of plasma into a 50-ml cylinder, 
and add 30 or 40 ml of 0.9 per cent NaCl and 1 ml of 2.5 per cent 
CaCl, solution (prepared from the anhydrous salt). Mix the contents and 
allow to stand for 20 to 30 minutes. The clot is picked up by gently 
rotating a glass rod through the clotted solution. Place the clot on 
a dry piece of filter paper and press out the adhering liquor as com- 
pletely as possible. Introduce the dry protein into a conical 15-ml 
centrifuge tube, and add 10 ml of water and 1 ml of 5N NaOH. Now mix 
and heat the tube in the boiling water-bath for 10 minutes. The fibrin 
will be dissolved, leaving behind a suspension of calcium oxalate. This is 
centrifuged down and the supernatant liquid is transferred to a 25-ml 
volumetric flask. Wash out the tube with water and transfer the wash 
water to the volumetric flask through a small filter to prevent the transfer 
of calcium oxalate. Now add 1.5 ml of phenol reagent and compare against 
a standard of 3 ml of tyrosine solution contained in a 50-ml volumetric flask. 

Conversion Factors. The factors necessary to convert the colorimetric 
readings to their respective protein values are given in Table 7. 


Table 7. Tyrosine Equivalents for Converting Colorimetric Readings to Grams 
of Protein per 100 ml 


Total Protein Albumin Globulin Fibrin 
Factors of Greenberg and Mirolubova 22° 
Human F 11.5 11.8 10.5 11.55 
or 

Rat A 5.70 4.72 2.10 0.347 
Dog F 11.35 11.6 10.05 lia 

A 5.68 4.64 2.01 0.333 

Factors of Cameron, Guthrie, and White 13 

Human F 11.05 LG 10.2 — 
Ox r it 11.5 10.0 10.7 
Sheep F 11.0 iy Be. 


The factors under the heading F are used in the equation: 


Seen 100 F ! 
U ty A 4 Ty x Tooo ~ rams protein per 100 ml 
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in which S is the setting of the standard, U is the reading of the unknown, 
T is the mg of tyrosine in the standard solution, V is the aliquot volume 
of serum or plasma used, and F is the factor for the particular protein 
fraction being analyzed. If the values of 7 are maintained at the quanti- 
ties of 1 mg of tyrosine for the analysis of total protein, albumin, and 
globulin, and 0.6 mg for fibrin, and the sample values of V are kept at 
0.2 ml for total protein, 0.25 ml for albumin, 0.5 ml for globulin, and 1 ml 
for fibrin, then the equation may be reduced to the form 


3 x A = grams protein per 100 ml 


The values of the A factors are given in Table 7. 

Remarks. Important points in the determination of the plasma pro- 
teins by means of the phenol reagent are the period of heating and the 
exact composition of the phenol reagent. Heating enhances the chromo- 
genic value of the plasma protein with the phenol reagent. If the older 
Folin phenol reagent is employed, which is not stabilized by Li,SOu, or if 
the hydroxide concentration is too low, turbid solutions may result that 
are difficult to read in the colorimeter. Minot and Keller '! have noticed 
a slight tendency for the solution to cloud if the room temperature is 
abnormally high, even with the improved Folin-Ciocalteau reagent. 

Apparently the nature of the salt used to salt-out the serum proteins 
does not affect the color factors of the proteins. Cameron, Guthrie, and 
White %° employed (NH4,).SO, for salting out the serum proteins and 
derived essentially the same factors as those given by Greenberg and 
Mirolubova (Table 7). 

Agreement as to the value of the protein color factors is not universal 
Employing no radically different techniques, Andersch and Gibson and 
Minot and Keller *! derived factors of the order of 1 mg of tyrosine = 13.0 
to 13.4 mg of serum protein. The reason for this difference is not clear. 

The protein content of cerebrospinal fluid and of the urine may be de- 
termined with the phenol reagent in the same manner as described for 
total protein. In the case of spinal fluid, the factor for total protein should 
be employed and for urine the albumin factor. 


Determination of Fibrin 

Fibrinogen may be separated from blood plasma by salting out with 
saturated NaCl, + saturation of (NH,).8O., 10.6 per cent NaSOu, or 
12 per cent Na,SO; solution. Some question has been raised as to whether 
or not all these salting-out procedures give a quantitative separation of 
the fibrinogen from the globulin. A convenient method of isolating fibrin is 
to allow it to clot in recalcified plasma." % The clotting procedure of 
Cullen and Van Slyke has been described in connection with the phenol 
reagent method for determining plasma proteins (p. 140). The quantity of 
isolated fibrinogen or fibrin may be determined by gravimetric, micro- 
Kjeldahl, and colorimetric methods. 
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Ernst Schulze 


At the outset it may be well to emphasize that the simple amino acids 
are only indirectly involved in the complex phenomena of immunity, in 
which their more highly polymerized derivatives, the proteins, together 
with certain carbohydrates and possibly lipids, are of paramount impor- 
tance. 

Landsteiner, for example, has shown that amino acids may function as 
haptens, or determinants of a new specificity, characteristic of the amino 
acid, if these are indirectly coupled to proteins through azo groups.! This 
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function also extends to simple peptides, and in these, as shown by their, 
cross-reactivity, the terminal amino acid exerts a more dominant effect 4 
the specificity than the others in the chain. However, the ability of amino 
acids to function as haptens when coupled to proteins in this way is byno , 
means characteristic of amino acids, but is shared by many other classes a 
of substances. 

While most other studies on the relation of amino-acid derivatives to 
immunity have been concerned with intact proteins, this has not been true 
in the related field of allergy, that ‘altered state” or hypersensitivity 
responsible for conditions such as urticarias, hay fever, and asthma.!4 
Allergy appears to be a kind of way-station on the road to immunity, at 
which some subjects stop entirely, while in some animals, such as the 
guinea pig, the allergic state and immunity may coexist. At all events, 
some of the substances responsible for the allergic state, such as the activ 
“allergens’’ of ragweed pollen ? and of cottonseed * and the castor sti 
appear to be protein derivatives of relatively small size, not exceeding a 
few thousand in molecular weight. It is uncertain whether or not these 
correspond to the vaguely defined group of substances formerly called pro- 
teoses, or whether they represent characteristic unit combinations of amino 
acids which may, under other conditions, be polymerized into full-sized 
proteins. 

In view, therefore, of the indirect connection of amino acids with the 
phenomena of immunity, it would seem best to make a broad, general survey 
of the chemical basis of these phenomena, leaving it to the reader to fit into 
this general framework additional pertinent data regarding the amino acids 
as they appear. For this purpose, the admittedly narrow viewpoint of the 
chemist permits the oversimplification to be made that the complex phe- 
nomena of immunity result from the interplay of antigens and antibodies, 
the former acting as foreign agents which stimulate in the invaded animal 
host the formation of the latter. 

It was frequently stated in the older immunological literature ‘“horse- 
serum was used as antigen.’’ But looking now at horse-serum through 
mo es such as the Tiselius electrophoresis apparatus, with its im- 
proved optical and photographic recording devices, we see a peak due to a 
refractive-index maximum at the boundary of each protein component 
moving in the electric current with a different velocity. There are four 
peaks, due to albumin and the so-called a, 8, and y-globulins. Like horse- 
serum, most of the natural sources of antigens are mixtures.) 

If an antigen, horse-serum albumin, for example, is injected into a rabbit, 
new substances called antibodies may appear in the animal’s serum, and 
these new, modified serum globulins possess the property of combining 
chemically, that is, reacting specifically, with the antigen used to stimulate 
their production. If enough antibody was produced, a precipitate forms as 
a result of the combination; if the reacting system is very dilute, the mix- 
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ture of antigen and antibody remains clear; but the combination may be 
made evident by indirect means, such as the uptake or fixation of comple- 
ment, an unstable group of serum components which is often taken up by 
immune combinations (see p. 156). The combination of antigen and the 
corresponding antibody is specific, for an unrelated albumin such as egg 
albumin does not react; nor do antibodies to egg albumin, readily produced 
by injections of this antigen, react with horse-serum albumin. 

Like these examples, many antigens are proteins and most proteins are 
antigens, although the reasons for this activity are not fully understood. 
In spite of the dominant influence of the specific polysaccharides in many 
instances of bacterial specificity, particularly among the encapsulated 
microorganisms, it has not been possible to relate the often appreciable 
carbohydrate content of proteins to their specificity. Gelatin, which lacks 
aromatic amino acids, is not antigenic, but this substance is a drastically 
treated degradation product. Incomplete, but antigenic proteins are casein, | 
which is lowin cystine and glycine but contains the aromatic aminoacids, and 
zein, which is low in tryptophane, lysine and glycine, but contains tyrosine 
and phenylalanine. Even a denatured protein may function as an antigen 
if it can be brought into solution, and its specificity differs from that of the 
native protein from which it is derived.6 An instance is known in which a 
high molecular weight polypeptide of d(-)-glutamic acid? is capable of 
reacting with antibodies stimulated by injection of the anthrax-mesentericus 
group of microorganisms, and actually occurs as part of the capsular mate- 
rial of this group of bacilli. 

Detailed studies by Landsteiner and others have shown that substitution 
in the tyrosine and probably histidine groupings of proteins may change 
the original specificity into one characteristic of the entering group or radi- 
cal, particularly if this contains —COOH, —SOsH, or —AsOsH substit- 
uents. Combination of the free amino groups of proteins with a variety 
of reagents also alters the specificity, as does the multiple insertion of new 
groupings at almost any series of reactive centers in the molecule. 

It is uncertain whether or not change of shape in itself, such as the un- 
coiling of a protein during denaturation, may suffice to explain the change 
in specificity which occurs. Protein structure is such that bundles of poly- 
peptide chains may be held together in a kind of fabric,’ in part at least a 
hydrogen bonds,° and the surprisingly high percentage of hydroxy-amino 
acids in many proteins !° may furnish the requisite groupings for such 
bonding, with possibly many irregularities, into. overall ellipsoid, rod-like, 
or disc-like shapes. It is probable that various groupings of amino acids, 
like or unlike, recur at intervals on the reactive surfaces of these aggrega- 
tions, and that these determine the characteristic chemical, physical, and 
hence immunological properties of a protein. If such groupings occur more 
than once, as seems indicated, the protein may be said to be multivalent 
with respect to a significant chemical or immunologically reactive grouping. 
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With regard to antibodies, although their nature as modified serum 
globulins is established, the mechanism and location of their formation in 
the animal body are uncertain. Parenterally injected antigens, if in par- 
ticulate form, may be followed under the microscope and are found to be 
taken up by the cells of the so-called reticulo-endothelial system, in the 
liver, capillary linings, lymph glands, spleen, and bone marrow, for 
example. There is little experimental evidence as to what follows, but a 
number of hypotheses are available. The old one of Buchner, that anti- 
bodies are specific owing to actual incorporation of antigen fragments in 
them, is discredited because like more plausibly repels like than attracts, 
and because of the inordinately large amounts of antibody formed as a 
result of stimulation with very small quantities of antigen. 

The most plausible theory of antibody formation is that of Breinl and 
Haurowitz," later presented in more graphic form by Mudd ® and by Paul- 
‘ing.4® According to this, antigen or its immunologically reactive fragments 
penetrate to the site of globulin synthesis, wherever that may be, and by 
their presence so modify the synthesis of new globulins that this new pro- 
tein, if it ever happens to come in contact with antigen again, may react 
with it. In Pauling’s version, the configuration of the end groups of the 
globulin is modified, as the synthesized protein is spun out, by coiling 
around immunologically reactive groupings on the antigen in a manner 
characteristic of its surface, so that reaction through surface approximation 
later becomes possible. This hypothesis, however, entails the difficulty 
that there is no particular reason why the modified globulin should break 
loose from the antigen template, and it also requires the presence of antigen 
at the site of globulin synthesis as long as antibody is formed. Burnet ™ 
avoided the latter difficulty by assuming that the antigen modifies the 
intracellular enzyme of globulin synthesis, gaining the further advantage 
that such a process might continue on reimmunization and cause the pro- 
gressive changes often observed in antibodies under such conditions. 
Dr. Florence Sabin !® has cited evidence that globulins may originate in 
the surface films given off by macrophages, and that modified globulins or 
antibodies might be produced by these cells after ingestion of antigen par- 
ticles, a view compatible with any of the current theories. Experimental 
evidence in favor of one or the other of these or any alternative theory is 
badly needed if we are to understand the source and origin of antibodies. 

That antibodies are actually modified serum globulins has been amply 
demonstrated since the introduction of quantitative analytical methods 
for their measurement !* and their isolation in appreciable amount '”'* 
and study under ultracentrifugation, electrophoresis, and diffusion.!® It 
has also been shown by the isotope method that antibody in the actively 
immunized animal takes up dietary nitrogen in the same way as the serum 
globulins, with similar distribution of N '° among the constituent amino 
acids. Passively injected antibody, even from the same species of animal, 
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does not enter into a similar exchange with dietary nitrogen.” This find- 
ing, with its separation from the same serum of weighable amounts of 
specific precipitate, one containing heavy N and the other showing none 
of this isotope, would seem to dispose once and for all of the old bogey that 
antibody might be merely an unknown substance adsorbed on serum 
globulin. Large quantities of specific precipitates formed from pneumococ- 
cus specific polysaccharides and horse antipneumococcus sera have been 
washed free from non-specific serum proteins and subjected to analysis for 
their amino-acid content.2! The values so found differed little from those 
observed on hydrolysis of typical horse-serum globulins. 

Since antibodies behave as actual proteins, there is the possibility that, 
like antigens, they carry more than one immunologically reactive group- 
ing on the large molecule. Like the serum globulins, many antibodies have 
a molecular weight of about 150,000 and some approach 1,000,000 in size. 
The presence of two or more reactive groupings on the antibody molecule ° 
would therefore not seem a far-fetched assumption, making antibody, as 
well as antigen, multivalent. This assumption provides for the first time a 
simple and reasonable explanation for specific precipitation * and specific 
bacterial agglutination.2 In the combination of mutually multivalent 
antigen and antibody, it will matter little whether one antigen molecule 
has already combined with one antibody molecule or not, for other reactive 
groupings on the molecules of each would be available for further reaction. 
In this way, huge aggregates would be built up, and these would either 
separate from solution of their own weight or be rendered less soluble by 
the bringing together of opposite ionic charges which would neutralize each 
other and so diminish the affinity of the particle for water. If the antigen 
is on the surface of bacteria, then the cells, with their many molecules of 
multivalent antigen, combine chemically with the multivalent antibody 
and so agglutinate into large clumps. 

In some immune reactions bacteria or other cells may not agglutinate, 
but are actually dissolved or lysed. In this reaction not only are antigen 
and antibody necessary, but in addition, an unstable group of serum com- 
ponents known as complement. Complement is also taken up in many in- 
stances of specific precipitation and agglutination, but is not necessary for 
these reactions, as it is in lysis. Two independent investigations have 
recently removed complement from the realm of a mysterious “colloidal 
state” of serum proteins. One study *4 has shown complement to be weigh- 
able by measurement of the quantity of nitrogen added to certain specific 
precipitates in the presence of sufficient active complement. This has 
resulted in the recognition of weight and molecular relationships between 
hemolysin, complement, and the red cell,?> reagents in the important 
Bordet-Wassermann reaction and in the demonstration of other antigen- 
antibody combinations by the indirect method of complement fixation. 
This study also resulted in the first plausible explanation for the uptake of 
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complement by antigen-antibody combinations, making use of the hypoth- 
esis that these are due to the mutual multivalence of the reactants. 

In the other study of complement 7° some of its components have actu- 
ally been isolated from fresh guinea-pig serum. So-called “‘midpiece”’ or 
first component, was found to be an euglobulin, while the second and fourth 
-components occurred together as a peculiar muco-euglobulin. The remain- 
ing, or third component, was distributed among the various fractions. 
Both investigations indicated roughly the same amount of complement in 
guinea-pig serum, about 0.6 to 0.9 per cent of the total protein. 
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Introduction 


The concept that the function of amino acids is to serve primarily as 
structural material for the body, or to state it more graphically, as building 
blocks for a static protein molecule is, in the light of recent developments, 
in need of drastic revision. Neither the protein of active tissues, nor the 
constituent amino acids can any longer be considered as inert or passive 
entities, but must be regarded as functioning structure. What appears as 
fixed is probably but a state of dynamic equilibrium. Many proteins have 
specific physiological activities, functioning as enzymes, hormones, and in 
other capacities, but in the last analysis the real chemical activity resides 
in the amino acids and their position in the particular protein, 
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The physiological utilization of amino acids is not limited to the forma- 
tion of proteins. The highly important metabolic agent, glutathione, is a 
tripeptide composed of glutamic acid, cysteine and glycine. M any essential 
physiological agents such as creatine, thyroxine, and adrenaline are syn- 
thesized from amino acids. Glycine, glutamine and cysteine are employed 
for conjugation with certain chemical compounds which resist the catabolic 
processes of the body. 

A striking similarity exists between amino acids and vitamins. Both 
take part in important physiological mechanisms; and the lack of an ade- 
quate quantity of either results in a more or less defined pathological state 
unless the organi$m can synthesize the deficient compound. As an example, 
lack of ascorbic acid in the diet causes scurvy in the guinea pig but not in 
the chick; glycine on the contrary, when absent from the food, brings about 
retarded growth and other injurious effects in the chick, but no demon- 
strable disturbance in the guinea pig. Only our accustomed mode of 
_thought prevents us from regarding glycine as a vitamin for the chick and 
considering all the so-called essential amino acids as categorically like the 
vitamins. The pathological state produced by lack of methionine would 
undoubtedly be called an avitaminosis if it were not known that this com- 
pound has the structure of an amino acid. These facts are not presented 
as an academic argument, but merely to emphasize that every amino acid is 
probably as essential for normal physiological function as are the vitamins. 

Somewhat less than half of the known amino acids cannot be synthesized 
by the mammalian organism. These are considered essential, while the 
remainder which the body can produce in sufficient quantity for normal 
growth are called nonessential. The choice of these terms is rather unfor- 
tunate, since they carry with them the connotation that the one group is 
more important or physiologically more significant than the other. Actu- 
ally it may well be that at least quantitatively some of the non-essential 
amino acids, such as glycine, play an indispensable réle in some of the most 
basic mechanisms, as for example muscle contraction. The very fact that 
the body possesses a large capacity to produce glycine is perhaps an index 
of its-quantitative importance in metabolism. By way of comparison it 
may be cited that ascorbic acid is synthesized by the rat and the chick 
but not by the guinea pig and man. This does not imply that ascorbic acid 
is less essential (in the sense that it is less dispensable) in the former than 
in man or the guinea pig. Actually glycine may be more widely used in 
mammals than in chicks, but its deficiency becomes more easily manifest 
in the avian organism. 


Amino Acids Participating in Conjugation Mechanisms 


To understand the significance of amino acids in the conjugation proc- 
esses, which are generally referred to as detoxication reactions, a brief 
review is needed of the chemical responses of the body to the presence of 
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organic compounds that are not normal constituents of food. The four 
main actions employed by the body on both normal and abnormal com- 
pounds that gain entrance are oxidation, reduction, hydrolysis and syn- 
thesis (or in a more restricted sense, conjugation). Of these, oxidation is 
the most important reaction employed by the organism and is the most 
important means of ridding the body of unessential and harmful substances 
and of preventing the accumulation of metabolic products. A large number 
of compounds, including ethyl alcohol and many well-known drugs, are 
completely burned, and many others are oxidized to compounds which the 
body can then excrete or combine with a metabolic constituent, as for 
example glycine with benzoic acid. Reduction is of limited applicability. 
The conversion of quinic acid, a relatively common acid of plants, to benzoic 
acid is a good example of this type of reaction. Hydrolysis likewise appears 
to be of minor importance. 

The synthetic or conjugation mechanisms can be considered to be of 
paramount importance, and it seems that their réle in physiological func- 
tions has been underestimated. The chief substances employed by various 
species are glycine, cysteine, glutamine, ornithine, glucuronic acid, sul- 
furic acid, acetic acid and the methyl group. Since there is evidence that 
the methyl group is derived from methionine, and that even glucuronic 
acid and sulfuric acid may have as precursors amino acids, it becomes 
obvious that the conjugation mechanisms depend to a large extent upon 
the amino acids. 

The conjugation reactions are generally regarded as synonymous with 
detoxication mechanisms. Sherwin ' expresses most concisely the prevail- 
ing view that dominated biochemical thought for many decades. He states: 
“Tt has been necessary for the body to call to its aid a chemical defense 
mechanism to guard against poisons absorbed from the gastro-intestinal 
tract. After many generations this chemical defense mechanism has been 
so perfected in its battle against putrefaction products absorbed from the 
intestine that it is now quite able to cope with many of the foreign organic 
compounds.”’ The writer since 1927 has opposed the view that the conju- 
gation reactions are designed primarily for detoxication. He believes that 
conjugations are normal metabolic processes made manifest because the 
body is applying them to a foreign compound which at some stage resists 
ultimate catabolism, becoming so to speak a physiological clinker and leay- 
ing a recognizable end-product. Detoxication is incidental, and perhaps 
even accidental. In some instances the conjugation may actually increase 
the toxicity of the substance, as illustrated by the acetylates of various 
sulfonamide compounds.? Sammons and Williams * have recently expressed 
a similar view: ‘They (conjugation reactions) need not be special mech- 
anisms at all, but mechanisms which are used normally by the body and 
which are revealed in exaggerated or possibly modified form when foreign 
organic compounds are dealt with.” 
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The reasons why conjugation mechanisms cannot be considered primarily 
as detoxication processes are: (1) The conjugated end-product is often no 
less toxic than the original substance. There is no evidence, for example, 
that benzoic acid is more noxious than hippuric acid. As already mentioned, 
some acetylated sulfonamides are more toxic than the sulfonamides them- 
selves. (2) Foreign compounds purely synthetic in origin that have never 
existed in nature and with which the organism in its development never 
could have come in contact are conjugated as readily as substances con- 
stantly formed in intestinal putrefaction. It is inconceivable that the 
organism could have anticipated the laboratory production of chloral and 
perfected a specialized enzymic machinery for its reduction‘ to trichloro- 
ethyl alcohol and subsequent conjugation. (3) Essential food elements such 
as p-aminobenzoic acid and nicotinic acid, both of which are now recognized 
as vitamins, undergo conjugation, which can hardly be for the purpose of 
detoxication’. 

These remarks should not gainsay the fact that a detoxication of many 
compounds is effected by conjugation. This may be accomplished by the 
‘neutralization of the active group responsible for the physiological activity 
of the compound by coupling it with glycine or one of the other compounds 
available for this purpose. Significantly, many of the conjugated products 
are much stronger acids than the mother substance, and usually strong 
acids are excreted with greater ease than weak ones; examples are benzoic 
acid and hippuric acid, phenol and phenol sulfuric acid, menthol and men- 
thol-glucuronic acid. It is becoming more evident that the conjugation 
mechanisms are utilized in the control of hormonal activity, especially of 
the sex hormones, and in this capacity the conjugation process appears to 
play a true detoxifying rdle. . 

The presentation of the amino acids utilized for conjugation will be 
from the point of view that the reactions which the amino acids manifest 
through a foreign organit compound have their counterpart in normal 
physiological mechanisms. A discussion of metabolism and the known 
physiological actions of the several amino acids will precede the treatment 
of their conjugation. 

Glycine Metabolism. In the mammalian organism glycine is readily 
synthesized. On the basis of the amount produced for conjugation with 
benzoic acid, it has been found ¢ that man can mobilize 9 mg per hour per 
kilo of body weight, the pig 15 mg and the rabbit 25 mg. It is probable 
that the maximum capacity is much higher than these figures indicate. 
The actual chemistry of the synthesis of glycine is still unsolved. Swanson,° 
confirming the finding of Lewis and others, showed that the glycine pro- 
duced for conjugation with benzoic acid can be synthesized from nitrogen 
which would otherwise be excreted as urea. The source of the two-carbon 
chain is still uncertain. Glyoxalic acid (CHOCOOH) and glycolic acid 
(CHsOHCOOH) have been postulated, but no satisfactory experimental 
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proof has been furnished. Since acetic acid serves as a substitute for gly- 
cine in the diet of the chick,® this acid deserves further study. The simple 
structure of glycine makes it appear probable that the precursor must like- 
wise be a fairly elementary compound. 

The problem of outlining the catabolism of glycine is likewise a tantaliz- 
ing task. While it appears exceedingly simple, it is in reality complex and 
confusing. The general assumption is that glycine is readily deaminated; 
but Bach,’ studying the reaction with tissue slices of organs, found that 
elycine, unlike alanine, is not deaminated. He postulates that “glycine 
condenses with various groups such as a-keto acids acting as a fixative for 
keto compounds, producing an equilibrium effect in systems responsible for 
the formation of such compounds.”’ Ratner and his associates § have re- 
cently described a glycine oxidase, a flavo-protein which brings about 
oxidative deamination: 

CH:NH:,COOH + 4 0. —> CHOCOOH + NHs3 


This enzyme is found in the kidneys of various animals and also in the liver 
of the rabbit. : 

Since the well-known work of Ringer-and Lusk in which a quantitative 
formation of glucose from glycine was found in phlorizinized dogs, it has been 
unhesitatingly accepted that this amino acid belongs to the sugar-forming 
group. This is challenged by the work of Reid,® who found that whereas 
alanine increases unequivocally the store of glycogen, injected glycine under 
the same conditions does not. Olsen, Hemingway and Nier,!° using glycine 
containing the stable isotope of carbon, found that some of the isotope 
appeared in the liver glycogen, but the increase was much greater than 
could be accounted for on the basis of glycine alone. Such results indicate 
the difficulty of interpreting these types of metabolic data. The paucity 
of concrete information concerning the metabolism of glycine is a serious 
obstacle in arriving at a better understanding of its conjugation reaction. 
As a matter of fact, it may well be that the latter may ultimately become 
the means of solving the problem of the intermediary metabolism of glycine. 

Glycine has a high specific dynamic action, which means, according to 
Kriss and others, that much heat is evolved in its intermediary metabo- 
lism, and not, as some have held, that it produces a metabolic stimulation 
in a pharmacological sense. 

Function of glycine. In the body this amino acid has at least four distinct 
functions: (1) it is a constituent of many proteins; (2) it combines with 
cholic acid to form the bile acid, glycocholic acid; (3) it takes an integral 
part in the synthesis of creatine; and (4) it conjugates with a large number 
of aromatic acids. 

It is interesting that glycine is particularly abundant in such inert pro- 
teins as collagen (gelatin), elastin, silk fibroin and chicken feathers. There 
is no evidence that the glycine in proteins is directly or readily available 
for the other metabolic functions listed. 
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The conjugation of glycine with cholic acid is interesting since the car- 
boxyl group is terminal to a long aliphatic chain and not adjacent to an 
aromatic nucleus as in benzoic acid. Whether the mechanism employed 
for conjugation of cholic acid with glycine is the same as that for the pro- 
duction of hippuric acid is not known, but it is significant that the liver of 
the dog lacks the ability to synthesize hippuric acid, and that the bile of 
this animal contains little or no glycocholic acid. Oddly enough when 
glycine is fed with egg albumin it nevertheless appears to stimulate bile 
acid production.” 

Of fundamental importance is the réle played by glycine in the synthesis 
of creatine. The reaction established by the use of isotope nitrogen ™ and 
by tissue-slice technique “ is: 


ae NH, NH, NH: 
i + C=NH — > C=NH C=NH 
COOH N—H CHs N—CH; 
| (From methionine) b 
CH: ——> Hp 
; boox boon 
Glycine (From arginine) Guanidino-acetic acid Creatine 


Since creatine (as creatine phosphate) is essential for muscle contraction, 
the ability of the organism to synthesize glycine is of fundamental impor- 
tance. In mammals it proceeds with such efficiency that only under ex- 
tremely adverse conditions can it be disturbed. Rats given benzoic acid 
daily in their diet fail to grow.'® In the light of later work on chicks given 
a diet low in glycine, it appears likely that benzoic acid deprives the rat of 
glycine, thus causing interference with the synthesis of creatine. The chick 
is unable to synthesize sufficient glycine for normal growth,® and must 
therefore depend on obtaining it from the diet. When given a glycine-poor 
ration, the chick exhibits poor growth, profound weakness simulating 
paralysis, and has a significantly low concentration of muscle creatine. 
Feeding creatine prevents the syndrome. 

The chick also lacks the ability to synthesize arginine; therefore the pro- 
duction of creatine is likewise limited by this amino acid. This topic will 
be more fully discussed under ornithine. 

In view of the importance of glycine in the synthesis of creatine, the pos- 
sible therapeutic value of this amino acid in muscle diseases, particularly 
progressive muscular dystrophy and myasthenia gravis, has received con- 
siderable study. The early optimistic results have not been substantiated 
by later investigators and the status of glycine therapy for this group of 
diseases is uncertain today. . 

Conjugation. Glycine is combined with benzoic acid to form hippuric acid 
by nearly all species of vertebrates studied except birds and reptiles, which 
use ornithine. Even in the lower forms, such as frogs and turtles, the hip- 
puric acid synthesis occurs, showing that it is indeed a fundamental reac- 
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tion. The synthesis is brought about enzymatically in a manner perhaps 
similar to that employed by the body to unite amino acids to form peptides. 
Each contains the CONH group, and the free energy of formation of 
hippuric acid is approximately the same as of the peptide bond, as Borsook 
and Dubnoff ” have recently found. These authors point out that the 
synthesis of hippuric acid in vivo must therefore be a coupled reaction, of 
which one of the components must be energy-donating. 

The conjugation of glycine with foreign organic compounds is limited 
to cyclic structures containing a carboxyl group. To the writer’s knowledge 
no aliphatic acid has been found to conjugate with glycine in the body. 
The carboxyl group which conjugates with glycine usually is directly 
attached to the aromatic ring as in benzoic acid, or separated by a CHe 
group (phenylacetic acid). The notable exception is cholic acid, in which 
the carboxy group is at the end of a 4-carbon chain. When phenyl-substi- 
tuted aliphatic acids are fed, they are reduced by 8 oxidation to phenyl- 
acetic or benzoic acid. There is some evidence, however, that cinnamic 
acid when fed is not all oxidized to benzoic acid but that a fraction is con- 
jugated with glycine. Sasaki !® reported the interesting observation that 
furfurylpropionic acid, when fed to a dog, is excreted as furfurylacryluric 
acid: H H 

7 9 H ia 


me C—C=C—CONHCH,COOH 
~\ 
O 

Although the statement is made that glycine conjugates with over a 
hundred different acids, a survey of the literature would show that perhaps 
less than thirty have been isolated and studied. Only a few types need be 
mentioned to illustrate the known factor that influences the conjugation 
with glycine. 

The first important structural influence is the distance of the carboxyl 
group from the aromatic ring. This is brought out by the marked differ- 
ence with which benzoic acid and phenylacetic acid are handled in the 
organism. In the dog, the liver lacks the ability to conjugate benzoic acid 
with glycine, whereas the organ can synthesize phenaceturic acid.!2 Thus 
two separate and distinct mechanisms exist for the conjugation of these 
two acids in the dog. In the human this is even more striking, since phenyl- 
acetic acid is combined with glutamine. The fact that the synthesis of 
phenylaceturic acid in the dog occurs in the liver whereas the production 
of hippuric acid occurs exclusively in the kidneys helps to explain why less 
hippuric acid is synthesized and why extra glycine in the diet increases 
phenaceturic acid more than hippuric acid. Only the glycine which reaches 
the kidney can influence the output of hippuric acid, while the production 
of phenylaceturic acid is benefited by the fact that glycine is very probably 
synthesized in the liver and that ingested glycine reaches this organ first. 
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Both benzoic acid and phenylacetic acid are partly conjugated with glu- 
curonic acid. In the dog roughly 70 per cent of the benzoic acid is combined 
with the latter and only 30 per cent is excreted as hippuric acid. There is 
evidence that glucuronic acid is produced in the liver; consequently a large 
proportion of the benzoic acid is converted to benzoyl-glucuronic acid 
before it leaves the liver and reaches the kidney. The physiological purpose 
of this dual conjugation is not known but presents an interesting problem 
that may ultimately shed much light on intermediary metabolism. In man 
very little glucuronic acid is conjugated with either benzoic or phenylacetic 
acid. 

The second important structural influence is the type of the aromatic 
nucleus and the groups it contains and the position they occupy. Most of 
our knowledge concerns substituted benzoic acids; but even in this limited 
field the information is too fragmentary to attempt any extensive correla- 
tion. A few striking findings *° can be pointed out. p-Hydroxybenzoic acid 
in the dog is conjugated to a small extent with glycine and the remainder 
with glucuronic acid, but curiously the hydroxy group is also combined 
with glucuronic acid forming the unusual compound, glucuronide of 
p-hydroxybenzoyl glucuronide: 


C.HO0-0¢%  SCOO—C.H,0. 


It is unusual to find two groups of a compound becoming conjugated. In 
man p-hydroxybenzoic acid is excreted partly unchanged, and the re- 
mainder combined with glycine, whereas p-methoxybenzoic acid is con- 
jugated to the same extent as the p-hydroxy acid with glycine, but the 
remaining portion is combined with glucuronic acid. The aminobenzoic 
acids in the dog are combined principally with glucuronic acid, but in man 
and the rabbit they are mainly acetylated. 

Substitution in the ortho position exerts a marked inhibitory effect on 
the conjugation of benzoic acid with glycine, irrespective of the nature of 
the substituting group. Ellis and Walker *! have recently found that the 
hydrolysis by hippuricase is markedly inhibited by ortho-substitution of 
the hippuric acid. They offer evidence that the ortho group does not pre- 
vent combination with the enzyme, but inhibits breaking of the peptide 
linkage. In the conjugation with glycine the ortho-substituted benzoic 
acid can likewise combine with the enzyme and temporarily inactivate 
it, as illustrated by the fact that production of p-methoxyhippuric acid 
is depressed if p- and o-methylbenzoic acids are fed together.?° This 
peculiar inhibitory action of ortho-substitution perhaps explains the 
marked pharmacological and toxic action of various drugs. Salicylic acid 
is perhaps the best known example of an ortho-substituted benzoic acid. 

Information is meager concerning the influence of aromatic nuclei other 
than benzene. 6-Naphthoic acid is readily converted to 6-naphthuric acid, 
but a-naphthoic resists conjugation, since the second benzene ring has the 
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same effect as substitution in the ortho position. Pyromucic acid is coupled 
with glycine: 


H H H 
o—C a 
u¢ b_coon + H:NCH,COOH —> HC C—CONHCH,COOH 
0” O 


The conjugation of nicotinic acid deserves special consideration. In man, 
dog, rat, and undoubtedly in many other animals, the acid in part under- 
goes conjugation with glycine and in part is methylated, presumably with 


methionine as the agent: 
( AONE CHSSOCE 
«ye 
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COOH Nicotinuric acid 
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CH; Cl 
Trigonelline chloride 


Whether these reactions are solely for the purpose of eliminating nicotinic 
acid, or represent initial steps for its metabolic utilization is not known. 
The latter possibly might profitably be further investigated, even though 
it has been found that neither trigonelline nor nicotinuric acid is curative 
for dogs suffering from blacktongue. 

Various species possess the ability to synthesize nicotinic acid, and the 
following scheme has been postulated by Guggenheim ” to explain its 
formation. 


Ornithine — NH2 — H2 


| =— 6-aminovaleric acid —> 5-aminodehydrovaleric acid 
Proline + H2 . 
+ CH20 
Saal 
— H:0 


guvacine — H,—~> nicotinic acid 


There is thus a possibility that the metabolism of nicotinic acid is asso- 
ciated with four amino acids: glycine, methionine, ornithine and proline. 
The close relationship of amino acids to this particular vitamin suggests 
that it is not improbable that further scrutiny may disclose other relations 
between these two groups of compounds. The biological synthesis of 
p-aminobenzoic acid presents the problem of how the amino group is intro- 
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duced into the benzene ring. Could tyrosine be the precursor of this 
vitamin? 

Uric acid, both in its synthesis and in its excretion, is intimately linked 
with the amino acids. Both benzoic acid and phenylacetic acid depress 
the excretion of this catabolic end product, and their effect is promptly 
abolished when they are conjugated and excreted. Excretion of uric acid 
is also depressed by lactic acid, glycolic acid, acetoacetic acid and by 
ketosis, whereas it is stimulated by glycine, alanine, aspartic acid, glutamic 
acid and pyruvic acid.** The effect of benzoic acid and phenylacetic acid is 
specific on uric acid, since the excretion of other nitrogenous products is 
not inhibited. Salicylic acid, and to a lesser degree, p-hydroxybenzoic acid, 
unlike benzoic acid and most other substituted benzoic acids, stimulates 
the excretion of uric acid. Since uric acid still remains one of the most 
enigmatic products of metabolism, a correlation of these findings is a diffi- 
cult task; and yet without an answer to these problems, no rational ap- 
proach to a better understanding of such clinical conditions as gout appears 
likely. 

The conjugation of benzoic acid with glycine has become a widely used 
test of liver function since its introduction in 1933.24 When sodium ben- 
zoate is administered to a human subject, about 1 to 1.5 gm of hippuric 
acid (equivalent roughly to 0.7 to 1.0 gm of benzoic acid) are excreted per 
hour. The output is remarkably constant, because the organism is produc- 
ing the required glycine at a maximum constant rate. The synthesis of the 
latter occurs mainly or perhaps exclusively in the liver; therefore, when the 
organ is injured and its function impaired, the output of hippuric acid is 
decreased. The production of hippuric acid has been found by numerous 
clinical investigations to be a fairly reliable quantitative measure of liver 
damage. A significant diminution occurs in catarrhal jaundice and other 
types of hepatitis, in atrophic cirrhosis, in long-standing obstructive jaun- 
dice, in malignancy of the liver and other less well defined pathological 
conditions of the organ. The test is particularly satisfactory for prognosis 
and to follow the effects of treatment. The most serious interfering factor 
is impairment of kidney function, but fortunately the excretory capacity 
of the kidney for hippuric acid is much greater than the synthetic power of 
the liver, so that only severe kidney disease will invalidate the test. In 
liver injury both the synthesis of glycine and the conjugating mechanism 
are usually impaired, so that even though glycine is administered the pro- 
duction of hippuric acid is not always restored to normal. In normal indi- 
viduals part of the glycine is derived from exogenous sources, but most of 
it is synthesized even when an excess is supplied. This has been convine- 
ingly demonstrated by Rittenberg and Schoenheimer ”* using isotopic 
nitrogen. 

Benzoic acid has no marked toxic action even in patients whose capacity 
to synthesize hippuric acid is greatly diminished, It is improbable there- 
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fore that the conjugation is primarily one of detoxication. Hippuric acid, 
however, is readily excreted, whereas benzoic acid for reasons not yet 
known does not appear free in human urine even after the ingestion of 
large amounts of benzoic acid. 

It might be mentioned that other detoxication reactions such as glu- 
curonic acid production, have been proposed from time to time to test liver 
function but none has won wide acceptance. It is nevertheless wise not to 
ignore the possibility that tests as good as or better than the hippuric acid 
synthesis may be developed on the basis of these conjugation mechanisms. 

Ornithine (NH2(CH2)s;CHNH2COOH). In 1877 Jaffé discovered that 
benzoic acid is conjugated in the hen with ornithine, an a-amino acid which 
has not been found in proteins, but which is closely related to naturally 
occurring arginine. For many years the ornithine conjugation was regarded 
as a unique or odd type of reaction unrelated to any known normal physi- 
ological mechanism, since this amino acid was not encountered in the mam- 
malian organism. 

Ornithine has assumed a new place of importance since the work of 
Krebs and Henseleit in 1932; 7° on the basis of results obtained from tissue- 
slice experiments they proposed a scheme to explain the formation of urea 
(see page 169). Urea, the principal end-product of nitrogen metabolism, 
is derived from arginine which is acted upon by the enzyme arginase. The 
resulting ornithine condenses with ammonia and carbon dioxide to form 
citrulline, which reacts further with a second mole of ammonia to restore 
the arginine, thus completing the cycle. In the chick, the Krebs-Henseleit 
cycle is incomplete, as shown by the broken lines in the circle of diagram 1. 
In this species the ability to convert ornithine to citrulline is lost ; ® there- 
fore arginine cannot be synthesized and so becomes for the avian organism 
an essential amino acid. Curiously, the fowl can convert citrulline to argi- 
nine. One can surmise that since the avian organism does not synthesize 
urea, its arginine requirements are much less than those of the mammal 
and can be met by a normal natural diet. In the fowl the end-product of 
nitrogen metabolism is uric acid, and there is good evidence that ornithine 
is an intermediary in the formation of this catabolite. In the first place 
when benzoic acid is fed to chicks, the excretion of uric acid is definitely 
decreased; presumably the nitrogen which would go into uric acid is ex- 
creted as dibenzoylornithine.2” In the second place, it was observed by 
Takahashi 78 that when benzoic acid was injected into incubating eggs, no 
ornithine was formed until the ninth day which, significantly, is about the 
time when uric acid appears in the embryo. 

The facts that uric acid is the end product of nitrogen metabolism in 
birds and reptiles, and that benzoic acid is conjugated with ornithine pre- 
sent an exceedingly interesting problem in the evolution of metabolic proe- 
esses. In such lower forms as the frog and turtle, urea and hippurie acid 
are synthesized and excreted, and the same mechanisms are retained by 
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the higher mammals and man. Only in birds and reptiles is there this 
marked metabolic deviation. It has been postulated that in these species 
the necessity of conserving water has brought about the excretion of nitro- 
gen in the form of the comparatively insoluble uric acid instead of the 
soluble urea which in its excretion carries with it a relatively large amount 
of water. Apparently, therefore, the fundamental reaction of the synthesis 
of urea is abolished by breaking the Krebs-Henseleit cycle between the 


The Krebs-Henseleit Cycle* 
NH; + CO, + H:N(CH:2);CHNH:COOH —> H:NCONH(CH2);CHNH2COOH + H,0 


Ornithine Citrulline 
+ NH; 
H.NCONH: ~— H.NCNH(CH:);CHNH.COOH + H:0 
Urea Arginine 


ornithine-citrulline step; and in this manner the power to synthesize arginine 
is also lost. Perhaps even the inability to form glycine is contingent upon 
this metabolic gap. 
| Ornithine. _ 
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Citrulline 
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ills “Arginine 

Interestingly, the chick embryo in its early stages can form urea and also 
glycine as attested by the observation that the egg contains relatively little 
of this amino acid, whereas the fully developed chick contains over 2 per 
cent glycine. This makes it appear that the embryo possesses synthetic 
powers which in a later stage are lost. . . 

The chick combines benzoic acid, phenylacetic acid, pyromucic acid, 
and probably many other organic acids with ornithine. 


NH:(CH2);CHNH2COOH +2 CsH;COOH = CsHs;CONH(CH2);CHNH (COCsHs) COOH 
Ornithine Benzoic acid Dibenzoylornithine or Ornithuric acid 


*The Krebs-Henseleit cycle must still be regarded as a theory. Although much 
evidence is in its favor, there are findings which are not in agreement with this concept 
as Borsook and Dubnoff ® point out. 
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Cysteine (HS—CH2CHNH:COOH). This compound was considered an 
essential amino acid until Jackson and Block 2° in 1932 showed that methi- 
onine can replace it in the diet. It has been established that the body can 
synthesize it provided the —SH group is supplied. The probable produc- 
tion is as follows: 


HOCH,CHNH,COOH + SH (from homoeysteine) = HS—CH,CHNH,COOH 
Serine Cysteine 


Recently evidence has been obtained that methionine cannot directly 
transfer the sulfhydryl group to serine, but only after its demethylation 
and conversion to homocysteine can it participate in the synthesis of 
cysteine.*” 

Cystine and cysteine play an important réle in metabolism. They occur 
in such physiologically active proteins as insulin and thrombin, and there 
is evidence that the activity of these proteins is dependent upon the sulf- 
hydryl group. Paradoxically, cystine is also abundantly present in the 
most inert proteins of the animal — hair, wool and feathers. 

Glutathione is a tripeptide of glutamic acid, cysteine and glycine. Its 
exact function is still unknown. In association with ascorbic acid and 
other compounds it takes part in the oxidation and reduction mechanisms 
of the body. From recent studies in which isotopic nitrogen was employed, 
it has been learned that the metabolic turnover of glutathione is very 
rapid *! and that it appears to participate in the transfer of amino acids 
into the protein molecule. Various investigators have speculated concern- 
ing the réle of glutathione in the detoxication mechanism since it contains 
three amino acids used for conjugation, but no supporting evidence has 
been found. Waelsch and Rittenberg ® employing isotopic nitrogen con- 
cluded from their results that glutathione does not participate directly in 
the synthesis of hippuric acid. 

Taurine is a product of cysteine. Its formation is believed to be as 
follows: 

CH.SH CH.SO;H CH.SO;H 


O2 
HNH, —> CHNH; ___ H.NH. + CO, 


OOH OOH 
Cysteine Cysteic acid Taurine 


The only known function of taurine is as a component of taurocholic acid. 
In most species this bile acid and glycocholic acid are present in varying 
proportions in bile, but in the dog the former appears exclusively. 
Cysteine plays an important function in detoxication ; but in order to 
present this subject properly, it seems essential to’ consider briefly the fate 
of aromatic hydrocarbons in the body. These compounds are of particular 
interest from a medical point of view. The simplest representative, namely, 
benzene, is a well-recognized industrial hazard. It damages the bone mar- 
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row and causes an aplastic anemia, leucopenia and thrombocytopenic pur- 
pura. Naphthalene fed to rabbits causes cataract similar to the senile type 
occurring in man. Other hydrocarbons of a more complex type possess 
carcinogenic properties. 

The characteristic feature of the unsubstituted benzene ring is its resist- 
ance to chemical change in vitro. The same refractiveness is exhibited 
when the compound is exposed to the enzymatic and oxidation mech- 
anisms of the body. The introduction of chemical groups into the ring 
immediately changes the stability of the nucleus. By attaching the group 
—CH.CH(NH:;)COOH or —CH,CHOCOOH, the aromatic ring is 
catabolized with the same ease as a sugar molecule or the aliphatic chain 
of a fatty acid. This holds not only for the benzene ring, but also for 
8-naphthylalanine, in which case ring one is completely metabolized 
(Kikkoji **), 


7 ya ence ( lees 


| / Ba daers 


/ 
WAI 
B-Naphthylalanine Benzoic acid 


Aliphatic groups in the benzene ring are generally oxidized easily. Thus 
toluene is converted to benzoic acid and therefore differs from benzene in 
its toxicological action. 

No satisfactory quantitative studies can be found on the fate of benzene 
in the body, but it has been known since the work of Schultzen and Naunyn 
in 1867 that phenol is one of the products. Polyphenols such as catechol 
and quinol are also found, and Jaffé isolated muconic acid (HOOC—CH= 
CH—CH=CH—COOH), which indicates that the ring can be broken. 
In benzene poisoning, the excretion of ethereal sulfates increases, and 
this has been suggested as a means of determining exposure to the 
chemical.* 

Baumann and Preusse in 1879 found that when bromobenzene was 
fed to dogs, it was excreted as p-bromophenyl-mercapturic acid 
[BrCsH.S—CH.CH(NHCOCH;)COOH]. This indicated that the organ- 
ism attacks the benzene ring by means of the sulfhydryl group. Cysteine 
becomes directly linked to the aromatic nucleus through the sulfur atom. 
Subsequently the cysteine becomes acetylated, thus forming the complex 
called mercapturic acid. Other halogenated hydrocarbons likewise are 
converted to mercapturic acids, and the same occurs to benzene, naphtha- 
lene and anthracene. Only very recently, however, has phenylmercapturic 
acid been isolated after the administration of benzene.® 

The fate of anthracene is particularly interesting because it offers some 
suggestions concerning the possible course of events taking place in the 
degradation of hydrocarbons. Boyland and Levi * isolated three deriva- 
tives from the urine of dogs fed anthracene: 
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I. 1-Anthrylmercapturic acid II. 1,2-Dihydroxy-1,2-dihydro-anthracene 
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Ill. 1,2-Dihydroxy-1,2-dihydro-anthracene glucuronide 


It seems logical to assume that the mercapturic acid (I) is the first product 
formed and that the introduction of the hydroxy groups (II) is a later step. 
With the presence of hydroxy radicals, conjugation with sulfuric acid or 
glucuronic acid (III) is a logical sequence. The writer is inclined to believe 
that the only means available for the organism to attack the unsubstituted 
aromatic ring is by means of the sulfhydryl] radical. Then the mercapturic 
acid group is split off by hydrolysis, leaving in its place a hydroxy radical. 
With the introduction of several hydroxy radicals, the lability of the aro- 
matic nucleus is increased so that ultimately it undergoes complete ca- 
tabolism. 

According to Stekol®” and others, the organism can utilize cysteine 
directly for the synthesis of mercapturic acids. Likewise /-cystine and 
dl-methionine increase the production of this conjugated product, while 
taurine does not. When a substance like bromobenzene is fed, part of the 
cysteine is supplied by the diet; the remainder must come from endogenous 
sources. If, therefore, bromobenzene is fed continuously a deficiency in 
cysteine occurs, just as daily administration of benzoic acid leads to a 
glycine deficit. In both instances a retardation of growth manifests itself. 
By adding extra amounts of cysteine, cystine or methionine to the diet, the 
effect of bromobenzene can be counteracted. Glutathione and dl-homo- 
cysteine likewise promote growth in cysteine deficiency caused by the 
hydrocarbon, but the effect is not due to a direct detoxication of the drug 
but to a replenishment of tissue cysteine. It appears that both the hydro- 
carbon and glutathione compete for the dietary cysteine; but in this con- 
test the mercapturic acid synthesis wins the lion’s share, so that ultimately 
a systemic decrease of glutathione occurs. The lack of this substance in 
the crystalline lens may lead to the degeneration recognized as cataract, 
which as has been mentioned, is observed after feeding naphthalene con- 
tinuously. 


The chemistry of the formation of the mercapturic acids is relatively 
simple: 
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¢ 
By oxidation the sulfur becomes attached to the ring and subsequently the 
amino group of the cysteine radical is acetylated. Stekol ®’ has found an 
example in which the sulfur is attached to an aliphatic group; namely, the 
mercapturic acid formed from benzyl chloride: 


ite SCHLCI —> _NCHSCH,CH(NHCOCH:)COOH 
In this case the chlorine is replaced by S and hydrochloric acid is formed. 

One can justifiably question whether the synthesis of mercapturic acids 
is a true detoxication reaction. If it represents the first step in the body’s 
attack on the aromatic nucleus and if the phenolic derivatives result from 
this reaction, it is very likely that the products are more harmful than the 
mother substance itself. Halogenated hydrocarbons such as bromobenzene 
appear to be fairly harmless; their most serious effect seems to be that they 
deflect cysteine from its normal metabolic path to the mercapturic acid 
conjugation, thereby robbing the body of an adequate supply of sulfur 
amino acids. A curious example in which a substance which is supposedly 
detoxified actually functions as the detoxifying agent is afforded by the use 
of bromobenzene in selenium intoxication. In this condition selenium re- 
places sulfur in the cysteine molecule as well as in the other sulfur amino 
acids. By feeding bromobenzene, this selenium cysteine is conjugated with 
it and thereby eliminated from the body.” 

Ethereal sulfate conjugation is not directly dependent upon amino acids. 
The body appears to be able to conjugate the inorganic sulfate radical 
with the phenol group, but the sulfuric acid is, to be sure, the end product 
of the catabolism of the sulfur-amino acids. There is no evidence, however, 
that either cysteine or methionine is directly concerned with the sulfate 
conjugation. The hypothesis that the ethereal sulfate is the product of the 
oxidation of a mercapturic acid is contrary to the expected chemical reac- 
tion, for such an acid should yield a sulfonic acid — not a phenolic group 
esterified with sulfuric acid. 

It is interesting that the sulfate conjugation of phenols is influenced by 
other groups in the ring, especially when in the ortho position.** A strong 
positive group such as —COOH or —NO. depresses, a basic group increases 
the conjugation. The coupling of ortho-substituted benzoic acids with 
glucuronic acid responds in a similar way, whereas all groups irrespective 
of their polarity inhibit the conjugation with glycine. Only the latter 
therefore is a true steric hindrance effect. 
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Glutamine (HOOCCHNH2CH:CH:CONH2). ‘The most limited conjuga- 
tion process is that of phenylacetic acid with glutamine, which was dis- 
covered by Thierfelder and Sherwin in 1914. 


COOH COOH 
| 
CH,COOH sik - HLCONGH 
VA 
of | CH: | | H CH: 
| + St: i 
\ He \Y/ CH:e 
ONH: CONH:2 
Phenylacetic acid Glutamine Phenylacetylglutamine 


This reaction has been found to occur only in man and the chimpanzee and 
with no other compound except phenylacetic acid. Even the substituted 
- phenylacetic acids are conjugated by a different mechanism. 

Glutamine appears to be synthesized from waste nitrogen, which would 
otherwise be excreted as urea.2” The writer 2 has obtained indirect evi- 
dence that pyruvic acid and alanine increase the synthesis of glutamine, 
but that glutamic acid does not. The failure of the latter to accelerate the 
synthesis of phenylacetylglutamine indicates that the amidination of 
glutamic acid occurs before the conjugation takes place. Sherwin has 
found that when phenylacetylglutamic acid is fed, it is not converted by 
the body to the glutamine derivative. 

The fact that the conjugation with glutamine is limited does not neces- 
sarily mean that glutamine is of little physiological significance. Orstrém 
et al.*® have found that glutamine is readily synthesized by the avian liver 
from ammonium pyruvate, and they believe that this compound may be 
an important factor in cell metabolism. These investigators suggest that 
the carbon chain of glutamine enters directly into the purine ring. It may 
therefore be a part of the mechanism employed by the bird for the excre- 
tion of waste nitrogen as uric acid. Leuthardt *° has observed that gluta- 
mine in guinea-pig liver forms urea, and Bach *! postulates that this com- 
pound plays a part in the mechanism employed by the organism for the 
production of urea, or in other words, complements the Krebs-Henseleit 
cycle. The recent report of Harris ” that blood and spinal fluid normally 
contain a glutamine-like substance adds further evidence that this com- 
pound cannot be ignored in metabolic studies and that its conjugation with 
phenylacetic acid should not be regarded as a mere physiological curiosity. 

Glucuronic acid. This compound can be produced both from the carbo- 
hydrate stores of the body and from glycogenic amino acids. When a drug 
like sodium benzoate is fed to a completely diabetic dog, the organism will 
utilize the potential glucose derived from glycogenic amino acids for the 
production of glucuronic acid. On the basis of this finding the writer postu- 
lated that glucuronic acid is synthesized from a simple 3-carbon chain com- 
pound which is derived either from carbohydrate stores or from amino 
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acids such as alanine. In confirmation of this, Lipschitz and Bueding “ 
have shown by means of liver slices that the production of glucuronic acid 
is increased by dihydroxyacetone, pyruvic acid, lactic acid and by insulin. 

Perhaps the body uses one simple compound, a triose, for the synthesis 
of most of the compounds used in conjugation. It can be postulated that 
by means of one mechanism, this primary triose is converted to glucuronic 
acid, by another to glutamine, by a third to ornithine and by a fourth to 
cysteine provided the —SH group is available. Whether glycine is derived 
from a 3-carbon compound is difficult to decide on a purely chemical basis. 

The reactions usually designated as detoxication processes are but a part 
of the extensive synthetic mechanisms of the body. It is logical to suppose 
that as source material, the organism employs simple compounds such as 
carbon dioxide, ammonia, urea, pyruvic acid, and lactic acid. In these 
syntheses transamination, transmethylation, transamidination, transsulf- 
hydrylation, and shifting of other groups readily occurs. 


Amino Acids as Precursors of Hormones 


Thyroxine. Two molecules of tyrosine are required for the synthesis 
of thyroxine, which has the formula: 


I I 
HEC a a CH Ie a 


Until recently it was believed that the synthesis of this compound was a 
specialized function of the thyroid gland, but recently it has been found 
that by iodination of casein, monoiodotyrosine, diiodotyrosine and thy- 
roxine can be obtained in the hydrolyzate. It has been further observed 
that diiodotyrosine, when dissolved in dilute sodium hydroxide and the 
solution adjusted to pH 8.8, is slowly converted to thyroxine. 

Epinephrine (adrenaline). The mother substance of this hormone is again 
tyrosine. The first step appears to be decarboxylation, and the resulting 
tyramine is converted in the adrenal gland by oxidation and methylation 
to epinephrine.*® ; : 

H OH OH 


O 
AN JN Wace 
i Sarena @ ¢ 
X H,CHNH,.COOH CH:CH:NH: HC—CH.NCHs 
OH 
Tyrosine Tyramine Epinephrine (adrenaline) 


Amines and Betaines. Every amino acid can be decarboxylated and thus 
made to yield a primary amine. As a result of bacterial action in the intes- 
tines, many of these amines are formed, and it was once believed that they 
were mainly responsible for a clinical condition known as auto-intoxication. 
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It is probable that the importance of these compounds as exogenous toxins 
was overestimated. Of the amines derived from amino acids, only two 
have so far been found to play a réle in normal physiology. They are tyra- 
mine and histamine. The former is an intermediary in the synthesis of 
epinephrine; the latter can be classed as a hormone. Histamine has the 


structure: 
ie] 


oN 
n’ ‘NH 


eee een 


The amount of histamine absorbed from the gastrointestinal tract probably 
is small compared to the amount which is produced in the body. It is em- 
ployed as the hormone of gastric secretion, and it appears suddenly in large 
amounts during anaphylactic shock. It is generally accepted that the pre- 
cursor of histamine is /-histidine. Injection of the latter substance increases 
the histamine content of the body. An extensive literature on this sub- 
ject has developed.**: 7 

Betaine. This compound is an inner ammonium salt derived from tri- 
methylglycine: 

ei ages —_ (CHs:)sN—CH, 


It occurs in the sap of the sugar beet (Beta vulgaris); hence its name. 
When ingested by animals, it is not utilized, but shows no poisonous 
qualities. . Structurally the compound is closely related to choline 
(CH;)sNOHCH.CH,OH), but the writer failed to find any references in 
the literature suggesting that glycine might be a precursor of choline. 

The betaines of other amino acids have been found in plants, but too 
little is known of their behavior in the mammalian organism to warrant 
discussion of this topic. 


Summary 


The amino acids play a fundamental réle in metabolism. The function 
of proteins is determined by the specific amino acids they contain and their 
position in the molecule. The amino acids are the precursors of several 
hormones and probably of some vitamins. They play a dominant part in 
the conjugation mechanisms which are known as detoxication or defense 
processes. 

Glycine is readily synthesized by the mammalian organism and is ayail- 
able in relatively large amounts. It has an important part in the synthesis 
of creatine. It is extensively employed for the conjugation of aromatic 
acids. In the latter reaction part of the glycine is derived from exogenous. 
sources and the remainder is synthesized. The conjugation of benzoic acid 
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with glycine has been developed into a successful test of liver function. 
The coupling of glycine with nicotinic acid, a vitamin, presents an interest- 
ing reaction, the purpose of which is not understood. The excretion of uric 
Ps is influenced by glycine and by the drugs conjugated with the amino 
acid. 

Ornithine is used by the bird to conjugate aromatic acids. In the mam- 
mal it is a part of the Krebs-Henseleit cycle which is regarded as the 
mechanism whereby urea is synthesized. The comparative physiology of 
the fowl and mammal in regard to these reactions presents promising clues 
concerning certain phases of intermediary metabolism. 

Cystine is used for the formation of taurine, glutathione and the mer- 
capturic acids. The latter reactions appear to be the initial means employed 
by the organism to metabolize the unsubstituted aromatic ring. 

Glutamine is employed only by man and the chimpanzee for conjugation 
with phenylacetic acid. Glutamine appears, however, to play a more im- 
portant part in metabolism than this solitary reaction indicates. Glucu- 
ronic acid and the ethereal sulfates are not directly dependent upon amino 
acids, but may be derived from them. 

There is good evidence that thyroxine, epinephrine, histamine and, per- 
haps, other hormones are derived from amino acids. 
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Theodore Weyl 


Introduction. Protoplasm sans protein does not exist. Every living cell 
contains protein and this type of material is involved in all vital phenomena. 
Skin, hair, tendon, and muscle are chiefly protein in nature. Even the 
lipid-rich nervous tissue and the inorganic salt-rich osseous tissue contain 
large amounts of characteristic protein substance. The list can be extended 
to include all the tissues of the body. Moreover, all the enzymes and some 
of the hormones elaborated in the animal organism are proteins. 

The proteins themselves are all made up of small building units, the 
common amino acids. Although a single protein molecule may contain 


hundreds or even thousands of these simple building blocks, little more 
179 
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than a score of different kinds of amino acids have been found present in 
the animal or plant proteins thus far examined. That this number of amino 
acids makes possible the existence of an infinite number of different kinds 
of protein molecules is not surprising. The amino-acid composition of any 
one protein may differ qualitatively and quantitatively from that of 
another. Thus, to our knowledge insulin contains less than a dozen differ- 
ent amino acids and casein contains about a score; ovalbumin contains 
five per cent isoleucine and serum albumin but two per cent. Furthermore, 
differences in the arrangement of the amino acids in the peptide chains, in 
the looping of the chains, and in the nature and number of lateral bonds 
between chains all make possible the existence of countless distinct kinds 
of proteins. 

It is understandable that the story of the metabolism of proteins and 
amino acids is not a simple one. It concerns itself not only with the syn- 
thesis and degradation of protein, but also with the fate in the body of each 
individual type of amino acid. A great many important details of the story 
remain to be elucidated. Nevertheless, the results of the efforts of numerous 
investigators afford an insight into many of the mechanisms involved. 

Digestion. Dietary protein must be broken down to simple diffusible 
units before it is of value to the body. This is efficiently accomplished 
within a few hours with the help of a number of different proteolytic en- 
zymes. Although no breakdown of food protein occurs in the mouth, the 
physical effects of mastication and admixture with saliva facilitate subse- 
quent digestion in the stomach. Here the strongly acidic gastric juice with 
its content of the powerful proteolytic enzyme, pepsin, converts most pro- 
teins to metaproteins, proteoses, and peptones. Rennin in gastric juice has 
a high milk-clotting activity and helps to prevent the casein of fluid milk 
from passing too quickly through the stomach. The protein in the clot is 
subjected to peptic action. 

After leaving the stomach through the pylorus, the protein material of 
the chyme is subjected to the action of a number of proteolytic ferments 
in the small intestine. Trypsin and chymotrypsin — which are transported 
to the duodenum from the pancreas as zymogens by the pancreatic juice — 
fragment proteic substances of the chyme to proteoses, peptones, and poly- 
peptides. The action of these two pancreatic enzymes is not, however, 
identical with that of pepsin. The digestive effect of pepsin, trypsin, and 
chymotrypsin is additive. The partially digested products are finally hydro- 
lyzed to amino acids by peptidases of pancreatic juice, intestinal juice, and 
the intestinal mucosa. In the absence of the stomach, native food proteins 
can be completely digested by proteolytic ferments in the small intestine, 
despite the lack of preliminary peptic action. 

The action of proteolytic enzymes in the gastro-intestinal tract can be 
duplicated with enzymes in vitro. The conditions for complete digestion 
in this case are not always as favorable as they are in vivo, however, for the 
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digestive end products are not continuously removed as they are in the 
small intestine. Proteins may be similarly hydrolyzed in vitro by boiling 
with acid or alkali. Appropriately supplemented mixtures of amino acids 
which have been prepared by enzymatic or acid hydrolysis of casein are 
sometimes used clinically for intravenous therapy. 

Absorption. Although protein breakdown is initiated in the stomach 
and some diffusible products of peptic digestion may be formed, no sig- 
nificant absorption of these substances occurs in this organ. In the small 
intestine, however, the end products of protein digestion are very actively 
absorbed. This process is greatly facilitated by the large surface area 
afforded by the wall of the small intestine with its plicae and villi, and by 
the efficient vascular network of this section of the alimentary tract. 
Absorption is most rapid in the duodenum and is essentially completed by 
the time the intestinal contents reach the ileocaecal valve. 

In the course of digestion proteins are converted almost completely to 
amino acids and, generally speaking, it is in the form of these simple units 
that they are absorbed. For the most part the amino acids are absorbed 
into the blood in the capillaries of the villi, although a small percentage is 
taken up by the lymph and reaches the blood by way of the thoracic duct. 
It is noteworthy that the larger fragments of partially digested protein 
produce toxic effects, if they are introduced into the blood stream. The 
enzymes in the small intestine and in the intestinal mucosa effectively split 
these products to simpler units, however, and thereby guard against the 
entry of harmful substances into the blood. Some peptides may be ab- 
sorbed along with amino acids,’ but there is normally no absorption of 
undigested protein. That the intestinal mucosa is sometimes permeable 
to protein, particularly in very young animals, is well known. Indeed, 
some allergic phenomena are related to the absorption of traces of undi- 
gested dietary protein. F 

Disposal of the Products of Protein Digestion. The amino acids are 
apparently not changed during absorption from the small intestine and an 
increase in the amino-acid content of the blood after food intake can readily 
be demonstrated. Some interesting information on the question of the 
immediate disposal of amino acids introduced into the blood is afforded by 
experiments of Van Slyke and Meyer, in which it was shown that injected | 
amino acids are avidly taken up by the tissues.? Hepatic tissue was found. 
to take up more per unit of weight than muscular tissue. While the amino- 
acid content of the muscles and kidneys remained unchanged during the 
three hours following the injection, the amino acids in the liver fell back 
almost to their original level and an equivalent amount of urea nitrogen 
was formed. 

The ultimate fate of amino acids taken into the body is varied. Some | 
may be broken down to provide energy, carbon dioxide, water, and am- | 
monia which goes to form urea. Others may serve as precursors or as con- 
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stituents of a number of biological substances, including hormones and 
detoxication products; and still others may be incorporated into body pro- 
tein. Amino acids resulting from the catabolism of body protein as well 
as those absorbed from the intestine follow these metabolic paths. More 
detailed information on the vicissitudes of the amino acids will be presented 
later. 

A small amount of the end products of protein digestion may escape 
absorption in the small intestine and be attacked by microorganisms in 
the large intestine and colon. Bacterial action results in the production of 
typical putrefactive products, such as organic acids and amines, which are 
structurally related to the amino acids from which they are derived. Al- 
though some of the products formed are toxic, they do not enter the blood 
in significant amounts, since they are formed in a section of the alimentary 
tract where absorption is poor. 

Deamination. The removal of the a-amino group usually represents an 


| initial step in the catabolism of an amino acid. Three types of simple 


deamination are conceivable: 


RCHNIH,COOH ++ 2H—» RCH,COOH + NH; (reductive) 
ROHNH:COOH + O0—»RCOCOOH + NH; (oxidative) 
RCHNH:COOH + HOH —> RCHOHCOOH + NH; (hydrolytic) 


Reductive deamination of amino acids in the tissues apparently does not 
occur. Oxidative deamination is, however, commonly observed, and oxi- 
dative rather than hydrolytic deamination appears to be the usual occur- 
rence in the animal body. Years ago it was pointed out by Dakin * that 
a-keto acids are commonly more readily oxidized in the tissues than the 
corresponding a-hydroxy acids, and that, in general, the fate of an amino 
acid and of the corresponding a-keto acid is identical, whereas the a-hydroxy 
acid analog, being presumably a secondary reduction product, may behave 
differently. 

Krebs ‘ in classic experiments with tissue slices has shown that amino 
acids are readily deaminated in the presence of oxygen with the resulting 
production of a-keto acids and ammonia. The rate of deamination was 
highest for kidney tissue, although liver and other tissues were also capable 
of effecting the deamination of amino acids. 

Ingestion of a comparatively large amount of a particular amino acid 
results in the subsequent excretion in the urine of a small amount of the 
corresponding a-keto acid.’ Also supporting the view that a-keto acids 
are normally intermediary products in the deamination of amino acids in 
vivo is the observation of du Vigneaud and Irish ® that administration of 
levorotatory phenylaminobutyric acid to a dog results in urinary excretion 
of the acetyl derivative of the dextrorotatory form of the acid. The forma- 
tion of the latter acid involves asymmetric synthesis from the correspond- 
ing a-keto acid. 
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An imino acid is believed to be formed as an intermediate in the process 
of oxidative deamination. One may picture the mechanism as follows: 


rt "i i i 
=H +H:0 | OH 
CHNH, —> C=NH —— > CK aie te + NH; 
NH 
OOH COOH boon ; boon 
a-Amino acid a-Imino acid Hydrated a-Keto acid 
imino acid 


The process of oxidative deamination is, however, not always as simple 
as that pictured above. Indeed, the amino group need not be liberated as 
ammonia, but may be transferred to a keto acid by a transaminating en- 
zyme. The details of this process will be described later. 

There is evidence that 6-hydroxy amino acids, under particular condi- 
tions, may be deaminated in a special manner. Thus, Chargaff and Sprin- 
son 7 have reported the anaerobic deamination of serine by cell-free extracts 
from mouse, rat, and rabbit liver slices. The general reaction may be 
briefly formulated as follows: 


RCHOH - CH(NH:) - COOH —> RCH:COCOOH + NH; 


Amination, Including Acetylating Amination and Transamination. In the 
presence of ammonia and a suitable catalyst a-keto acids may be reduc- 
tively aminated in vitro, as shown by Knoop and Oesterlin.® This reaction 
is the reverse of that of simple oxidative deamination which has already 
been pictured. It has long been known that a-keto acids may be similarly 
converted to a-amino acids by perfusion through the surviving liver.® 

Glutamic acid is of particular interest in connection with the problem of 
amination in vivo. von Euler and his associates !° have demonstrated that 
a specific enzyme occurs in liver that is capable — in the presence of the 
appropriate co-enzyme — of dehydrogenating glutamic acid, with the ulti- 
mate production of a-ketoglutaric acid and ammonia. This reaction is, 
moreover, reversible: 


COOH COOH COOH 
+ NH; b 
(CHa)2 —H:0 (CH2)2 +2H (CHz)2 
| =e a 
C=O +H:0 =NH -2H HNH, 
| — NHsz | | 
COOH COOH COOH 
a-Keto glutaric  a-Imino glutaric Glutamic 
acid acid acid 


The hydrogen for the synthesis of the amino acid from the imino compound 
is supplied by the appropriate coenzyme. 

Ingeniously planned metabolic experiments of du Vigneaud and Irish ° 
have lent strong support to the acetyl theory of Knoop. According to 
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this conception, the amination of an amino acid from an a-keto acid may 
be accomplished by a mechanism in which the acetyl derivative of the 
amino acid plays a part. A coupled oxidation-reduction involving pyruvic 
acid and ammonia takes place. The probable steps in the amination are 


shown below: 


R 

R R 
b + NHs He CH; -—H:0 it + HO b 

H, -+CHsCOCOOH OH HO — CO2 He —CH;cOOH CH2 

> | ae —_-_—étkK H —————>-_ | 

—o rs HONG HC—NH; 
i d H d | COCH; 

OOH OOH OOH COOH COOH 
a-Keto Intermediate Acetylated amino a-Amino 

acid compound acid acid 


Ammonia is not invariably associated with the amination of a-keto acids. 
Amination may, indeed, occur in the absence of this base by a process of 
transamination in which the interaction of a keto acid and an amino acid 
is involved. This important phenomenon was demonstrated by Braun- 
stein and Kritzmann " and it may take place in many tissues. A typical 
transamination reaction is pictured below. 


COOH COOH COOH COOH 
dm): CH, —H:0 din): CHs bai cH; +20 (Cm): CH: 
HC—NH2 =O -+H:0 C=N: ‘se : HC—N= —H:0 C=O HC—NH2 
OOH OOH boox COOH OOH COOH COOH COOH 
Glutamic Pyruvic Intermediate a-Keto glutaric Alanine 
acid acid compounds acid 


One of the interacting compounds in this process must be either glu- 
tamic acid or aspartic acid. It is not clear to what extent other amino acids 
may be involved in transamination. According to one concept most amino 
acids may participate. On the other hand Cohen,” who worked with prep- 
arations of the enzyme transaminase, has reported that relatively few sub- 
stances can take part in this reaction with the dicarboxylic compounds. 
In this connection it is possible that the activity of the isolated enzyme 
system is not as extensive as that of the intact tissue. In any case, trans- 
amination is a mechanism of considerable importance in connection with 
the problem of amination and deamination 7n vivo. 

von Kuler and his associates 1!° have suggested that the synthesis of 
glutamic acid from ammonia and a-keto glutaric acid is an initial step in 
the synthesis of amino acids in the animal organism. This function was 
portrayed by them as follows: 


+ a-keto glutaric : + a-keto acids 


ammonia ———————> glutamic acid ————————> i i 
ET: amino acids 


In passing, it might be mentioned that glutamic acid or aspartic acid 
reacts with citrulline, under aerobic conditions and in the presence of kid- 
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_ ney slices, to yield arginine '*— a process which has been termed trans- 
imination, because of the formation of the imino group of arginine. 

The importance of the dicarboxylic amino acids, glutamic acid and 
aspartic acid, in amination mechanism is noteworthy. It is of interest also 
that oxidatively deaminated residues of these amino acids, a-ketoglutarie 
acid and oxaloacetic acid, may be involved in carbohydrate metabolism." 
Here we have another example of a link between the metabolism of protein 
and the metabolism of carbohydrate. 

Formation of Urea. Urea is the chief nitrogenous end product of protein 
metabolism in mammals, as well as in amphibia and elasmobranch fishes. 
A variety of nitrogenous compounds serve a similar purpose in other ani- 
mals — uric acid, for example, in birds and reptiles (other than the turtle, 
which excretes urea) and ammonia in teleost fishes. The goosefish (Lophius 
piscatorius) excretes large amounts of trimethylamine oxide in the urine.'® 
The non-toxicity, solubility, and diffusibility of urea render it admirably 
suited for its réle as a metabolic end product. 

As early as 1882 it was shown that urea could be formed in the liver.'® 
This organ is, indeed, the sole site of urea formation in some, if not in all, 
mammals. The classic experiments of Bollman, Mann, and McGath ” with 
hepatectomized dogs showed conclusively that in this animal, urea forma- 
tion takes place only in the liver. In agreement with the observations of 
these investigators on dogs is the report that severe liver damage in a 
human individual may, before death, result in a great suppression of urea 
synthesis, accompanied by an accumulation of amino acids in the blood."* 
That the liver is not the sole site of urea formation in all animals, however, 
is exemplified by the findings of Kirsch, who reported extra hepatic urea 
production in selacians.!® 

The bulk of the nitrogen for urea synthesis comes from the amino nitro- 
gen of the amino acids. A portion of the nitrogen is, however, of different 
origin. Thus absorbed ammonia, ammonia from deaminated purines and 
pyrimidines, amide nitrogen, and nitrogen in other groupings, such as that 
in the imidazole group, may be converted to urea. 

The mechanism of urea formation has long been the subject of investi- 
gation. Among the older theories may be mentioned the dehydration the- 
ory, involving the intermediate formation of ammonium carbamate, and 
the oxidation theory, involving the intermediate production of cyanic 
acid. According to the first concept, the formation of urea was pictured 
as follows: 


ONHs NH, NH, 
‘a =H 7 =HO ./ 
CO, + H.O + 2NH;—> C=O — C=0 — C=O 
* 
ONH, ONH;, NH; 
Ammonium Ammonium Urea 


carbonate carbamate 
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According to the cyanic acid theory, cyanic acid is formed as a result of 
oxidation and cleavage of amino acids in peptide linkage. The acid is con- 
verted to urea by hydrolysis: 


O ae 
VA € | 
2 con H -- 24,0 —> roy + CO, 
NH: 
Cyanic acid Urea 


A more modern theory proposed by Krebs and Henseleit *° on the basis 
of in vitro studies with liver slices describes a cyclic process of urea forma- 
tion which involves the participation of a number of substances, including 
arginine, citrulline, ornithine, and arginase, as well as carbon dioxide and 
ammonia. This hypothesis has enjoyed wide popularity. The reactions 
thought to be involved are shown below: 


NH, yo H2 p. H: 
Lo C=NH C= 
NH, + NH: NH NH NH: 
| + CO2 | + NH: | + H20 urea 
(CH2)s a RE AT (CH2)s aS A (CHz)s ay ee 
— H.0 | (arginase) 
HNH, eae ake =" 
COOH COOH COOH 
Ornithine ~* Citrulline Arginine Ornithine 


The process described above is continuous; the ornithine formed as a 
result of the action of arginase on arginine may be used again and again. 
Addition of ornithine to the reaction mixture in liver-slice experiments was 
found to accelerate the rate of urea production from ammonia. More re- 
cently, it has been shown with the aid of isotopes that carbon dioxide is 
taken up in the process of urea formation.4 Ornithine also catalyzes the 
formation of urea from ammonia in the perfused liver.” 

The story of the formation of urea in the body is apparently not identical, 
however, with the process pictured in the attractive cycle of Krebs and 
and Henseleit. While many experimental observations may be interpreted 
as supporting the Krebs-Henseleit cycle, other observations are available 
which do not support this mechanism of urea formation. The significance 
of citrulline in the ornithine cycle, for example, is not clear in view of the 
fact that the mechanism whereby citrulline is rapidly converted to arginine 
is absent from the liver, but is present in the kidney." Moreover, in experi- 
ments with the perfused rat liver, citrulline was found to have no catalytic 
effect on urea formation, and it was not converted into arginine or orni- 
thine.” On thermodynamic grounds alone Borsook and Dubnoff 22 have 
pointed out that even if the ornithine cycle is correct, as far as it goes, it is 
incomplete. The formation of urea from ammonia and carbon dioxide 
under physiological conditions entails a gain of almost 14,000 calories of 
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free energy per mole of urea and reactions yielding the requisite amount of 
free energy must therefore participate in the process. It is unlikely that 
carbon dioxide and ammonia enter the cycle as such. 

It is noteworthy that a mechanism of urea synthesis involving glutamine 
but not ornithine has been described by Leuthardt.24 The following equa- 
tion illustrates this mechanism. 


hy 0 
Vi NH Wr 
CH—CNEs co as : CH —CA0- 
-»+0=0 +2 + CO, + HO 
CH,—CH NH, : a CH—CH NH ate 
2 
bg kg 
OH Nou 
Glutamine Bicarbonate Urea Glutamate 


The presence of glutamine in blood has recently been demonstrated.?5 

Bach 7° has proposed a scheme of urea formation which connects the 
mechanism of Krebs and Henseleit with that of Leuthardt. Bach’s con- 
ception was not, however, supported by the experimental results of Tro- 
well,” who studied urea formation in the perfused rat liver. 

It may be concluded that the complete story of the formation of urea in| 
vivo remains to be told. When the normal mechanism of urea formation is 
finally elucidated, however, it may well be found to include details of the 
mechanisms described by Krebs and Henseleit and by Leuthardt. 

Specific Dynamic Action of Proteins and Amino Acids. After the in- 
gestion of food the metabolic rate is increased above the basal level. This 
stimulating effect on the heat output of the animal body has been com-_ 
monly called specific dynamic action — a term originated by Rubner. The 
calorigenic effect of dietary protein is particularly pronounced. While die- 
tary carbohydrate and fat also exhibit this phenomenon, they do so to a 
much more limited degree than protein. 

As an illustration of the calorigenic effect of protein, one may decanbe 
the observation of Williams, Riche, and Lusk ”’ on the heat production of 
a, dog before and after ingestion of 1200 grams of meat. The heat produc- 
tion of the animal under basal conditions was approximately 23 calories 
per hour. One hour after the feeding it rose to 36, two hours later to 
42 calories. It remained at an elevated level for several hours and then 
gradually diminished, until after 21 hours it was approximately 25 calories. 
For every 100 calories contained in the protein of 1200 grams of meat, 
130 calories were produced — a 30 per cent excess. 

Not only protein, but also a hydrolyzate of protein as well as individual 
amino acids have been reported to be capable of producing a calorigenic 
effect. In the latter connection phenylalanine, glycine, alanine, tyrosine, 
leucine, histidine, glutamic acid, and other amino acids have been specifi- 
cally credited with producing a ghetto dynamic action. The negative find- 
ings of an early investigator for a particular amino acid (e.g., glutamic acid) 
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have sometimes been followed by a positive finding for the same amino acid 
in more recent studies.”*: *° Geis 

Specific dynamic action attains its maximum value in animals at environ- 
mental temperatures above 25° C; at low temperatures, 0-5° C, the fasting 
energy production is already nearly the resting maximum.*° 

Many explanations for the calorigenic action of proteins and amino acids 
have been considered. The work of digestion and absorption apparently 
plays no part in specific dynamic action, for an orally effective amino acid 
is also effective when administered parenterally. The liver plays a réle in ‘ 
the phenomenon, for the administration of glycine or alanine to the hepatec- 
tomized dog produces no calorigenic effect.*! 

A few years ago, after careful consideration of the then available informa- 
tion, Borsook *° pointed out that there were two factors which might ac- 
count for the increase in energy formation after the ingestion of protein 
or amino acids. One factor is approximately constant and represents the 
increased energy production attending the metabolism and excretion of 
the nitrogen; the other, more variable, factor is related to the utilization 
of the non-nitrogen moiety of the amino acids. In connection with the 
hypothesis that amino acids behave as cell stimulants — a conception which 
in the past was popular in relation to explanations of specific dynamic 
action — Borsook, after reviewing the evidence, concluded that amino acids 
do not act as primary stimulants to cellular metabolism. 

More recently, after studies with a number of amino acids, Kriss 29 
pointed out that his own findings are consistent with the theory that the 
specific dynamic effects of amino acids are by-products of intermediary 
chemical reactions. Furthermore, these effects could be most closely corre- 
lated with the energy resulting from the metabolism of the amino acids. 

Amino Acids and Carbohydrate Formation. If an animal is poisoned with 
phlorizin a condition is produced which is known as phlorizin diabetes, in 
which the renal threshold for sugar is lowered and glucose is excreted in the 
urine. Such animals have been used extensively in studying the problem 
of amino acids and carbohydrate formation in the animal body. Any orally 
administered or parenterally injected glucose is excreted in the urine by 
these animals. The feeding of proteins has likewise been observed to effect 
an increased glucose excretion by phlorizinized dogs. Indeed, feeding 
experiments with different proteins have been interpreted as indicating, 
for example, that 48 per cent of casein, 55 per cent of serum albumin, 
65 per cent of gelatin, and 80 per cent of gliadin may be converted to glu- 
cose in the animal body. Starving phlorizinized animals have been re- 
ported, on occasion, to have a dextrose-to-nitrogen ratio in the urine of 
approximately 3.65 to 1, which might be interpreted to indicate that about 
98 per cent of the body protein was convertible to glucose.* 

*The D: N ratio in phlorizinized dogs is not always the same, however, and various 


values have been reported by different investigators. It is of interest that a completely 
diabetic individual has been reported to have a D : N ratio of 3.65 to 1.38 
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Individual amino acids as well as proteins have been tested with respect 
to their ability to effect an excretion of extra glucose by phlorizinized 
experimental animals. The experiments of Dakin * in particular have 
provided information in this regard and have permitted compilation of 
lists of so-called “glycogenic”’ and ‘‘non-glycogenic”’ amino acids. Some 
of the former amino acids were seemingly converted carbon for carbon into 
glucose; others, such as glutamic acid and aspartic acid, produced glucose 
equivalent to but three of their carbon atoms. : ree fe 

Information comparable to the foregoing has been ‘obtained with the 
help of entirely different techniques. Thus the administration of some 
amino acids to fasted animals, like the administration of glucose, effects a 
subsequent increase in the glycogen content of the liver. In another 
method of assessment of the carbohydrate-like action of particular amino 
acids, advantage is taken of the observations of Butts and his associates,** 
who have found that the administration of some amino acids, like the 
administration of glucose, alleviates experimental ketonuria in rats, 

A summary of the results of studies reported in the literature on the 
carbohydrate-like effect of amino acids as ascertained by different methods 
is shown below. ae 


Carbohydrate-like Effect of Amino Acids * 


Extra urinary Reduction of 


Hepatic glycogen 


: experimental 

Amino Acid phloszinized Teese eer ketonuria in 
Alanine + dl +1, d, dl +1, dl 
Arginine +1 +1 +1 
Aspartic acid + dl + 1, dl + 1, dl 
Cysteine +1 —l 
Cystine —l —l 
Glycine ++ + + 
Glutamic acid +1 +1, dl +1 
Histidine + (?)1 +1 +1 
Isoleucine — dl + (slight) dl —dl 
Leucine —dl — dl —dl 
Lysine —I —l,dl 
Methionine + dl —dl 
Norleucine +1, d, dl + dl + dl 
Phenylalanine — dl + dl + dl 
Proline i i : cr 
Serine 
Threonine + dl + dl a 
Tryptophane —l — 1, d, dl + a 
Tyrosine =f +1 ~ 
Valine + 1, d, dl + dl + dl 


* The letters in the table refer to the configurational series and not to the observed 


rotation. 
+ In this respect, for one reason or another there are conflicting reports for a few amino 


acids. In these instances, the effect listed in the table is what was considered to be the 
most representative finding. 
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While the results obtained with different techniques commonly agree, it 
is evident from the table that, in certain instances, an amino acid may 
have a positive effect as measured by one method and a negative effect as 
measured by another. This has led to some confusion, since published lists 
of “glycogenic”’ amino acids have not generally, if at all, provided ade- 
quate information to serve as a basis of classification. 

It is often assumed that the extra glucose excreted when a “‘glycogenic”’ 
amino acid is administered to a phlorizinized animal represents a product 
of the direct conversion of the deaminated moiety of the amino acid. 
Similarly, it might be considered that the glycogen deposited after feeding 
“‘olycogenic”’ amino acids represents the chemically converted amino acid. 
The results might also be interpreted as indicating that the administered 
amino acids themselves are not converted to glucose or glycogen, but that 
they have a sparing action which permits the conversion to carbohydrate 
of some metabolite (derived perhaps from tissue protein) in the body. 

Long-sought information on this question has been afforded by experi- 

ments with isotopically labelled amino acids. Olsen and his associates * 
administered glycine containing heavy carbon to mice whose liver glycogen 
was subsequently analyzed for the carbon isotope. In these experiments 
the hepatic glycogen was found to contain only a small excess of the isotopic 
“‘tag”’ and the increase in liver glycogen was far more than could be ac- 
counted for by the conversion of labelled glycine to glycogen. Only one of 
the ‘“‘tagged”’ carboxyl carbon atoms of the administered glycine was to 
be found for every four or five molecules of glucose in the glycogen. Com- 
parable results were obtained in an earlier study by Gurin and Wilson 27 
in experiments with phlorizinized animals. These investigators showed 
that the extra glucose excreted in the urine after the administration of 
“tagged” alanine contained little excess isotope. The bulk of the carbo- 
hydrate formed in these representative cases did not originate by direct 
conversion of the administered amino acid but rather by the conversion to 
carbohydrate of some metabolite, which itself was in some way spared by 
the amino acid administered. 
. It is noteworthy that the injection of a ‘‘glycogenic” amino acid (glycine) 
into the blood of hepatectomized dogs does not alleviate the hypoglycemia.*8 
The production of carbohydrate following the administration of certain 
amino acids to experimental animals is a phenomenon in which the liver 
apparently plays a rdle. 

Amino Acids and Acetone Body Formation. The apparent conversion 
of certain amino acids to acetone bodies may be demonstrated in a number 
through & euiviving yeh and he eae 
the perfusate may be determined "a this on : ae rete eee 
bodies has been demonstrated 7 experi ae s eee Oo 

xperiments in which leucine, phenylala- 
nine, and tyrosine were employed.*? The feeding of an amino acid to a 
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diabetic individual or experimental animal may also provide information 
on the problem of amino acids and acetone body production. Thus, Baer 
and Blum *° found that when either leucine, phenylalanine, or tyrosine was 
fed to a diabetic patient there was an increased excretion of 6-hydroxy- 
butyric acid in the urine. Leucine has also been shown to be ketogenic by 
Cohen *' in an extensive study in which the tissue-slice technique was 
applied. Butts and his co-workers have studied the same problem by feed- 
ing particular amino acids to fasted rats and subsequently determining the 
urinary acetone body excretion. Racemic leucine, for example, was shown 
to be ketogenic by this technique.” 

Of the amino acids present in protein, only a few — leucine, phenylala- 
nine, and tyrosine — are commonly considered to be ketogenic. Under 
certain conditions dl-isoleucine may apparently also yield acetone bodies 
in the rat.” In addition, it has been reported that hydroxyproline is con- 
siderably ketogenic in liver-slice experiments.* 

The conversion of one of the ketogenic amino acids, leucine, to B-hydroxy- 
butyric acid may be pictured as follows: 


sa Boe CH; \_ CH: CH; 7 
CH ci i CHOH 
Cr ae im ——— = am —_ CH, + CO, + H,O 
CHNH: nie ae OOH 
OOH COOH COOH 
Leucine a-Keto-isocaprotc a-Keto-valeric B-Hydroxy-butyric 
acid acid J 


In analogous fashion one may depict the formation of ketone bodies from 
other ketogenic amino acids. Experiments with amino acids labelled with 
isotopic carbon are necessary, however, before one can definitely state to 
what extent the carbon chain of an administered amino acid may, under 
particular experimental conditions, be actually converted zn vivo to acetone 
bodies. 

Biocatalysts and Protein Metabolism. Enzymes, vitamins, and hormones 
are associated, in one way or another, with the metabolism of proteins and 
amino acids. All the isolated enzymes are protein in nature and their 
synthesis in the body is part of the kaleidoscopic picture of protein metab- 
olism. Enzymes themselves are involved in the synthesis and breakdown 
in vivo of proteins as well as of carbohydrates and fats. It is not feasible to 
discuss here the enzymes that are known to be directly associated with the 
metabolism of proteins and amino acids. It will suffice to say that these 
biocatalysts are involved in the processes of synthesis, transformation, and 
degradation which characterize the metabolism of amino acids and proteins. 

Vitamins are associated with the story of protein metabolism in that 
many of these dietary essentials are incorporated in vivo into the prosthetic 
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group or coenzyme of certain enzymes which, in turn, are involved in meta- 
bolic processes in the organism. To cite a single example, thiamine pyro- 
phosphate is the coenzyme of carboxylase.“ The co-carboxylase-carboxyl- 
ase enzyme system is directly associated with the metabolism of pyruvic 
acid, an important intermediate of both protein and carbohydrate me- 
tabolism. 

Many of the hormones, like insulin, are protein or protein-like in nature. 
Moreover, epinephrine and thyroxine are closely related chemically to 
tyrosine, an amino-acid structural unit of proteins. These chemical rela- 
tionships alone would make certain hormones a part of the story of protein 
metabolism. The interrelation is, however, much more complex and 
extensive than that of mere structural affinity. The effect of thyroxine in 
increasing the metabolic rate is an example of a general effect of a hormone 
on metabolism. One may likewise cite the growth factor of the anterior 
pituitary as being involved in protein metabolism, for this hormone pro- 
motes the retention of nitrogen.** Furthermore, adrenal steroids appear to 
be associated with the process of hepatic glycogen formation from protein 
metabolites.” 

Our knowledge of the relationship between the biocatalysts and protein 
metabolism is still fragmentary. Many phases of this problem remain to 
be investigated. 

Dynamic State of Body Protein. It was long supposed that anabolic 
processes, such as the synthesis of protein in the animal organism, were 
largely restricted to the extent of replacing the losses of “wear and tear”’ 
— losses which were reflected by the endogenous quota of Folin. Our con- 
cepts of protein metabolism, have, however, undergone revision in recent 
years. Several years ago Borsook and Keighley,” on the basis of their own 
experiments and information available in the literature, suggested that the 
breakdown of intracellular protein is continuously in progress even in an 
animal in nitrogen equilibrium. This breakdown bears no “wear and tear”’ 
connotation, but is directly proportional to the level at which the nitrogen 
metabolism has been set by previous dietary history. According to this 
concept, a large part of the amino acids from ingested protein is synthesized 
into peptides and protein, while the remainder is catabolized — the nitro- 
gen appearing in the urine. The anabolic process may account for 50 per 
cent or more of the nitrogen intake. In nitrogen balance, the synthetic 
and degradative reactions offset each other. 

Final proof of the falsity of the conception that tissue proteins, once laid 
down, remained essentially unchanged until eventually destroyed by the 
“wear and tear” of metabolism was afforded by the brilliant work of 
Schoenheimer and his colleagues,4® who studied the problem of protein 
metabolism with the aid of amino acids labelled with isotopes. Nitrogen 
(N™) in amino acids was replaced with its heavy atomic analog (N) and, 
in some experiments, the carbon chain of an amino acid was labelled by 
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replacing attached hydrogen atoms with deuterium, the heavy isotope of 
hydrogen. These isotopic ‘“‘tags’’ permit tracing in the body of the groups 
to which they are attached as effectively as if the latter bore miniature red 
lanterns. 

When a labelled amino acid such as leucine or glycine was fed to rats, it 
was found that only a part of the dietary nitrogen could be located in the 
urine.**: °° Determination of the isotope (N™) content of protein in differ- 
ent parts of the animal body revealed that much of the isotope was incor- 
porated therein. The protein of the serum and of the internal organs 
appeared to be most active in accepting dietary nitrogen; muscle and skin 
were less active.*® Owing to the large amount of muscle and skin, however, 
these tissues had the greatest share in the uptake of dietary nitrogen. In 
contrast to the plasma proteins, hemoglobin exchanges N® slowly.* 

Not only is labelled dietary amino nitrogen incorporated in the tissue 
proteins, but the rest of the amino acid may be incorporated as well. The 
leucine isolated from the tissues of rats fed this amino acid with deuterium 
“‘tags”’ attached to the carbon chain, for example, was found to contain 
deuterium, Furthermore, when labelled amino acids such as leucine (N") 
and glycine (N?°) were fed to rats and a number of amino acids later iso- 
lated from the tissues of the animals, it was found that not only the isolated 
glycine and leucine, but almost all the other isolated amino acids contained 
isotopic nitrogen. All the amino acids isolated, other than lysine, were 
apparently capable in vivo of continuously interchanging groups containing 
nitrogen. The dicarboxylic acids are particularly active in this process. 

It is apparent that the peptide bonds linking amino acids in tissue prd- 
teins are not rigid and fixed — being broken only when the protein mole- 
cule disintegrates — but are being continually broken and re-formed. As 
pointed out by Schoenheimer,** the uptake of nitrogen is a rapid process 
and it follows that the opening and closing of peptide bonds must be a fast 
reaction. In the liver and intestinal mucosa, for example, more than half 
the protein apparently may be broken down and resynthesized in ten 
days? The turnover in the muscles is less rapid and it is even less in the 
erythrocytes. 

Available experimental data on the replenishment of plasma protein in 
dogs that have had this protein depleted by plasmapheresis have led Mad- 
den and Whipple ® to conclude that a dynamic equilibrium exists between 
the protein of the plasma and a portion of the cell and tissue body protein. 
With regard to the give and take between body protein and plasma protein, 
it is of interest to note the theory of Schmidt, Allen, and Tarver ** that the 
transformation of existing proteins into others may take place in the body 
without an intermediate breakdown to the amino-acid stage. 

A modern concept of protein metabolism (cf. Borsook and Keighley ; 
Schoenheimer) pictures a continuing and dynamic exchange between tissue 
proteins and substances in a metabolic pool. This pool is made up of a 
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mixture of substances — indistinguishable as to origin — which normally 
represent not only compounds derived from catabolic processes in the tis- 
sues but also materials absorbed from the intestine. The metabolic reac- 
tions are enzymatic in nature. Although a balance between them is main- 
tained, the synthetic and degradative reactions are different for, as pointed 
out by Borsook and Keighley, the physiologic steady state between pro- 
tein and amino acids in tissues is far from a thermodynamic equilibrium. 
All regeneration reactions entailing an increase in free energy must be 
coupled with another process. Schoenheimer ** has stated that the syn- 
thetic processes are coupled with chemical reactions such as oxidation or 
dephosphorization. When oxidation systems fail, as in death, the synthetic 
processes also cease and the continuing degradative reactions lead to the 
dissolution of the thermodynamically unstable structural elements. 

Question of Protein Storage. It has long been known that the feeding of 
protein to a fasted experimental animal results in an increase in hepatic 
protein.* The protein enrichment of the liver which follows the ingestion 
of a diet high in protein is associated with an increased content of protein 
per unit weight of tissue, as well as with hyperplasia or hypertrophy.** The 
liver, however, is not the only organ which is influenced by administration 
of a diet rich in protein. Addis and his co-workers ** have studied the in- 
crease in the protein content of various tissues of animals fed different 
amounts of protein in the diet. As the protein intake was increased, these 
investigators noted that the proportion allocated to the liver, kidney, and 
blood serum increased, while there was a slight fall in the proportion allo- 
cated to the carcass. 

On fasting, the quantities of protein lost by various organs and tissues 
of the body vary considerably. Thus, during a seven-day fast in rats, the 
liver loses 40 per cent of its protein, the alimentary tract 28 per cent, the 
kidney 20 per cent, drawn blood 20 per cent, and the heart 18 per cent, as 
compared to losses of 8 per cent for muscle, skin, and skeletal protein, 
5 per cent for brain, and 0 per cent for eyes, testicles, and adrenals.*? 

It has not been found possible to single out, on a chemical basis, any 
particular “reserve” or “‘storage’’ protein. Thus, Luck ®° has shown that 
the liver proteins, including albumin, euglobulin, and pseudoglobulin, par- 
ticipate equally in the function of storage. Borsook and Dubnoff ® in dis- 
cussing the question of ‘‘labile” nitrogen or “‘reserve”’ protein have pointed 
out that the “labile” nitrogen may not be distinguished primarily by a 
difference in composition but by its location. The liver, kidney, and intes- 
tines change quickly in size and protein content with changes in the level 
of protein alimentation. In the course of a fast the “labile” protein, nitro- 
gen would arise at first from the substance of the more labile organs. On 
prolonging the fast, the lower limits of size of these organs would be ap- 
proached and larger amounts of nitrogen would come from structures such 
as the muscles, which are slower to change. A part of the liberated muscle 
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nitrogen, according to this view, would be resynthesized into liver and kid- 
ney protein; the remainder would participate in maintaining the character- 
istic and constant composition of free amino acids in the blood and tissues, 
and eventually would be catabolized. 

It is worthy of note that the liver of a protein-depleted animal is very 
susceptible to injury by a variety of toxic agents. To cite an example, 
fifteen to twenty minutes of chloroform anesthesia are frequently fatal to 
protein-depleted dogs, while comparable non-depleted animals tolerate 
ninety minutes of anesthesia with little injury to the liver.®® 

On the basis of data from studies of the regeneration of plasma protein 
in dogs depleted of protein by plasmapheresis (bleeding with return of red 
cells suspended in an appropriate solution), Madden and Whipple * believe 
that a ‘‘steady state” or “ebb and flow’’ exists between plasma protein 
and a portion of cell and tissue body protein. When plasma protein is 
depleted, replacement is possible up to a certain limit by ‘‘reserve stores”’ 
of protein in the organs. Madden and Whipple ® estimate that normal 
dogs have sufficient materials in storage to form a quantity of plasma pro- 
tein one to two times that normally present in their circulation. 

In the special sense that the animal body, which is well nourished with 
regard to protein, is protected against some types of adversity (depletion 
of plasma protein, hepatoxic agents, etc.) as compared to that of a protein- 
depleted animal, it may be said that the former possesses a ‘‘reserve’’ of 
protein. This qualifiedly termed “‘reserve”’ is not, however, distinguish- 
able chemically from the rest of the body protein. Indeed, it is an integral 
part of the latter and participates, like body protein in general, in ‘“con- 
tinuing’”’ metabolism. 
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Introduction. Our knowledge of the intermediary metabolism of each 
of the more than twenty common amino acids forms an integral part of 
the story of the metabolism of protein. In the foregoing chapter, discus- 
sion was devoted largely to phases of protein metabolism that involve 
proteins and amino acids in general. In the following pages amino acids 
will be considered more or less individually to facilitate discussion of par- 
ticular features of their metabolism. The optically active amino acids 
mentioned in the text are all of the naturally occurring levo stereochemical 
configuration, unless otherwise designated. 

Alanine and Glycine. Alanine and glycine are the two simplest amino 


acids derived from proteins. Of the two, alanine is the more typical amino 
197 


198 AMINO ACIDS AND PROTEINS 


acid, since its a-carbon atom is asymmetric. Glycine, on the other hand, 
is the only common amino acid which is optically inactive. 

Alanine is readily deaminated in vivo and in vitro. The oxidative deami- 
nation may be represented as follows: 


CH; CH; CH; CH; 
Se: ye d +H0 | OH -NBH: | 
HON CN is re: C=0 
boox OOH COOH COOH 
Alanine a-Imino propionic Pyruvic acid 
acid 


The ammonia formed in vivo goes to form urea and the pyruvic acid may 
be oxidized to yield CO2, H2O, and energy. Other amino acids are believed 
to undergo a similar process of deamination. 

The pyruvic acid formed as a result of the oxidative deamination of 
alanine is also an intermediate in carbohydrate breakdown, and it there- 
fore represents an example of the interrelationship between the metabolism 
of protein and that of carbohydrate. 

A study of the question of the conversion of alanine to carbohydrate 
in phlorizinized rats has been made by Gurin and Wilson! with the aid 
of isotopically tagged alanine. The carbohydrate excreted in the urine 
after the administration of alanine containing the heavy isotope of carbon 
was found to contain only a small excess of the marked element. Thus, 
most of the carbohydrate did not come directly from the administered 
amino acid, but probably from some metabolite which was “‘spared”’ by 
the alanine. 

Alanine can be synthesized in the animal organism and it is generally 
present in proteins throughout the body. 

Despite the simplicity of its chemical structure our knowledge of the 
metabolism of glycine is least clear of any of the amino acids. Experi- 
ments of Krebs? in 1933 indicated that the deamination of glycine could 
be effected in vitro by kidney slices, although the rate of deamination was 
lower than that of some other amino acids. Later this investigator reported 
that glycine was not deaminated by a deaminase prepared from acetone- 
dried pig kidney. More recently, it was reported by Bach ‘ that there is 
little, if any, deamination when glycine is incubated with slices of kidney, 
liver, spleen, diaphragm, or brain of the rat. Nevertheless, administered 
glycine can readily yield its amino group in vivo, as shown by experiments 
with glycine bearing isotopically tagged nitrogen,® and it is reasonable to 
suppose that the deamination is oxidative, as is the case with other amino 
acids. The question is not settled, however, and some glycine may be 
catabolized over a different route. In this connection it is interesting to 
note the observations of Kohn,* who reported that some glycine can be 
decarboxylated to form methylamine in the surviving canine liver. 

Apart from its occurrence as a structural unit in proteins throughout the 
body, glycine performs a number of functions in the animal organism. 
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Its important role in detoxication is taken up elsewhere in this book. It 
was in the course of detoxication studies that Quick 7 determined the rate 
of synthesis of glycine in vivo. This synthesis in a human individual may 
amount to 0.55-0.70 gram per hour. 

Glycine is one of the precursors of glycocholic acid, the salts of which 
are important constituents of bile. Experiments in which glycine was 
labelled with an isotope have shown that this simple amino acid is also 
a precursor of the amino-acid moiety of the creatine molecule.® 

The opinion that glycine (or gelatin which contains about 26 per cent of 
this amino acid) can increase the muscular strength of normal individuals 
was probably based on the chemical relationship of glycine to creatine, 
the important muscle extractive, as well as on early favorable reports in 
the literature. More recent research on this question has indicated that 
glycine and gelatin possess no unique value in increasing muscular strength.° 

Hydroxy Amino Acids. Formerly four hydroxy amino acids were com- 
monly considered constituents of proteins: serine, threonine, hydroxy- 
glutamic acid, and hydroxyproline. Hydroxyproline is heterocyclic in 
nature and will be discussed later in this chapter along with other hetero- 
cyclic amino acids. 6-hydroxyglutamic acid is no longer considered a con- 
stituent of the protein molecule. (See Chapter I.) 

We know nothing concerning the metabolism of hydroxylysine, an 
amino acid whose presence in protein was confirmed comparatively re- 
cently by Van Slyke and his associates.!° Our information on the metab- 
olism of the acyclic hydroxy amino acids is restricted to that gained from 
studies of serine and threonine. 

The metabolism of serine, the B-hydroxy derivative of alanine, has 
recently been studied by means of the isotopic tag technique. Experi- 
ments of Stetten in which dl-serine containing the heavy isotope of nitrogen 
(N15) was fed to rats and the location of the isotope in the tissues was 
subsequently determined indicate that. dietary serine can be incorporated 
as such into proteins and phospholipids of the organs.!! In this connection 
it may be recalled that phosphatidylserine is a normal component of cer- 
tain cephalins.” 

The experimental results of Stetten also indicate that serine can be 
decarboxylated in vivo to form ethanolamine. Furthermore, the high 
isotope content of the cystine isolated from the organ protein of rats fed 
isotopic serine indicates, according to Stetten, that the carbon chain of 
serine can be converted to the carbon chain of cystine in the animal body. 

It is noteworthy that phosphoserine occurs in phosphoproteins." to 

OH 


PA 
H,C—O—P=O 
HCNH, OH 


boox 
Phosphoserine 
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Much investigative work remains to be carried out on the relationship 
between the metabolism of phosphorus and that of serine. 

Like most other amino acids, dl-serine may be deaminated under aerobic 
conditions in vitro by kidney slices.? Of especial interest is the report that 
the deamination of serine may also be accomplished in a biological system 
under anaerobic conditions.!5 Chargaff and Sprinson © have formulated 
the anaerobic deamination as follows: 


CH.0H CH, CH; CH; 
| — H:0 I Le +H:O | 
CHNH: —»- C—NH, —> C=NH — rian + NH; 
boon COOH boon COOH 
Serine a-Amino a-Imino pro- Pyruvic acid 
acrylic acid pionic acid 


dl-Serine can be deaminated in this fashion not only by certain micro- 
organisms but also by cell-free extracts from mouse, rat, and rabbit livers. 

Our knowledge of the metabolism of threonine is fragmentary. The 
demand for threonine in the animal body, unlike that for serine, cannot 
be met by zn vivo synthesis.!® It has been demonstrated in experiments 
with rats that the administration of dl-threonine may be followed by an 
increase in liver glycogen.” This amino acid also decreases the experi- 
mental ketonuria produced in rats by feeding butyric acid.” 

The anaerobic deamination of threonine, like that of serine, has been 
observed in some biological systems.!® a-Ketobutyric acid is obtained as 
a deamination product of threonine under these conditions.!> However, 
the relationship of this mechanism to the deamination of a-hydroxy amino 
acids in vivo remains to be determined. 

Sulfur-containing Amino Acids. The need of the body for sulfur is met 
by the sulfur-containing amino acids of dietary protein. Elemental or 
inorganic sulfur is of little use to the animal organism, but the sulfur of 
methionine, cystine, or cysteine is readily available. The sulfur-containing 
amino acids are structural constituents of body protein. In addition, they 
serve as precursors of physiologically important compounds and are 
involved in detoxication mechanisms 7n vivo. 

Methionine may be converted to cystine in the body, but the reverse 
is not true. Details of the process are meager, but a number of studies, 
including experiments in which an isotopic tag was employed, have demon- 
strated the conversion of methionine sulfur to cystine sulfur.!8 The rela- 
tionship of serine to cystine " has already been mentioned in the preceding 
section on hydroxy amino acids. 

In the conversion of methionine sulfur to cysteine sulfur it seems prob- 
able that S-(8-amino-f-carboxyethyl)-homoeysteine is formed as an inter- 
mediate compound, as suggested by Brand and his associates.!® These 
investigators pictured homocysteine reacting with a-amino acrylic acid as 
follows: ; 
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H 
\ 8 
| 
(CH2)2 CH, (CH2)2 CH, 
HNH; a Neat —>- HNH;, HNH, 
OOH doox OOH COOH 
Homocysteine a-Amino acrylic S-(8-amino-B-carboxyethyl)- 


acid homocysteine 


The thiol ether presumably may then be split to yield cysteine as one of 
the reaction products. It is now known that amino acrylic acid may be 
formed as a result of the anaerobic deamination of serine.!> Two molecules 
of cysteine may be dehydrogenated to yield one molecule of cystine, a 
disulfide bond being formed. 

The reductive splitting of disulfide bonds and the reversal of this reac- 
tion are of importance in oxidation-reduction phenomena in the body. 
The physiologically important peptide, glutathione contains cysteine in 
its reduced form. On oxidation the cysteine is converted to cystine and 
two molecules of the tripeptide are joined in disulfide linkage. The reversi- 
ble reaction is shown below: 


COOH COOH COOH 

HON Hz HCNH, HCNH; 
(CHz)s (CHe)2 brass 
als i =0 C=O 
NH NH hr 
( =n . 

2 CHCH.SH mae CHCH.S———-SCH:CH. 
NH NH ne 
ctl du, CH, 
COOH boou boox 

Glutathione (y-glutamyl- Glutathione (oxidized form) 


cysteinyl-glycine) 


It is noteworthy that many enzymes, e¢.g., cathepsin and papain, are 
activated by substances containing the sulfhydryl group. On the other 
hand, in a protein hormone such as insulin (which contains cystine) reduc- 
tion of disulfide linkages and the appearance of sulfhydryl groups entails 
a loss of physiological activity. 

Like other amino acids, methionine, cysteine, and cystine can be broken 
down in the body to yield, ultimately, carbon dioxide, water and ammonia. 
The sulfur of the amino acids is largely oxidized to sulfate and excreted in 
the urine. Some sulfate may be used for detoxication purposes in the body. 
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Presumably an initial step in the degradative process consists in oxidative 
deamination. For methionine, at least, there is evidence that this may 
occur. The keto acid analog of methionine may be formed from this 
amino acid in vivo 2° as well as in vitro,”! and is capable of replacing dietary 
methionine for growth purposes in the young rat.” 

The sulfur-containing amino acids are also involved in detoxication 
’ mechanisms. Their role in this connection is discussed in Chapter 8. 

There is evidence that methionine as well as cysteine may serve as a 
precursor to taurine. After feeding tagged methionine to dogs, taurine 
containing the isotopic sulfur could be isolated from the animal’s bile.” 

Methionine, which contains a “labile methyl”? group, takes part in 
transmethylation reactions in vivo. That methylation could occur in the 
animal body has been known for a long time. As early as 1887 there were 
indications that pyridine could be detoxified by methylation.*® It was not 
until the past few years, however, that the interesting role of methylation 
in metabolic processes was revealed. Owing to the research activity of a 
number of investigators, the importance of the so-called labile methyl 
group —a chemical radical which is labile in the sense that it can, if 
necessary, be transferred in vivo from one organic compound to another — 
is now well appreciated. 

The demethylated product of methionine, homocysteine (or its disulfide 
analog, homocystine), is not capable of replacing dietary methionine in 
supporting the growth of young rats. Normal growth is made possible, 
however, if choline is also included in the otherwise deficient ration. 
Under these conditions methionine may apparently be synthesized in vivo 
by the transfer of a methyl group from choline to homocysteine.” 


H tae 
From S 
b choline | 
He Y CH2 
(— CHa b 
He — : Hz 
HNH; CHNH, 
OOH doou 
Homocysteine Methionine 


Other compounds including lecithin, phosphorylcholine, and betaine, like 
choline, are able to act as methyl donors under these conditions.2” 

The methyl group of methionine may be employed in the synthesis of 
other compounds in the animal body. Experiments in which deuterium 
was used as an isotopic tag have clearly demonstrated that the methyl 
group of methionine may be utilized in the in vivo synthesis of both choline 
and creatine.** Interestingly, creatine is readily formed by liver slices 
from glycocyamine in the presence of methionine.29 
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from methionine 


NH: Y NH, 
o# (— CHs) 
HN=C > HN=C 
ss 
“) —CH,COOH N—CH.COOH 
H Hs 
Glycocyamine Creatine 


The methylation of creatine is irreversible. Indeed, the methyl group 
of creatine, unlike comparable groups in choline, betaine, and methionine, 
is not transferable in vivo. 

The degeneration of the kidneys, which is observed in rats fed a diet 
deficient in sources of the labile methyl group, may be prevented by the 
inclusion in the diet of methionine, choline, or betaine.*® It is also worthy 
of note that the accumulation of fat which occurs in the liver of experi- 
mental animals under particular dietary conditions may be counteracted 
by substances, such as methionine * or choline,” that contain a biologically 
transferable methyl group. . 

It is of interest that some compounds, such as the betaine of cystine and 
of alanine, are lipotropic,** ** but do not promote the growth of young 
mammals fed a diet containing homocystine but lacking in methionine.*: 27 
Furthermore, not all substances containing a methyl group are lipotropic. 
To cite but two examples, ergothioneine (the betaine of thiolhistidine) ** 
and abrine (amino-N-methyltryptophane) ** are not effective lipotropic 
agents. 

Valine and the Leucines. Valine, leucine, isoleucine, and norleucine 
may be catabolized in the animal organism to provide carbon dioxide, 
water and ammonia. With regard to their structural function, one may 
state that three of these amino acids, 7.e., valine, leucine, and isoleucine, 
are common units of tissue proteins. Little is known, however, of the 
distribution in the animal body of norleucine, although it has been isolated 
from nervous tissue.” The need of the animal organism for norleucine may 
be wholly met by in vivo synthesis; this is not the case for the other three 
amino acids discussed here.! 

When valine is fed to a phlorizinized dog, an amount of extra glucose 
equivalent to three of the five carbons of the administered compound may 
be demonstrated in the urine.** It has, moreover, been shown in experi- 
mental studies with rats that the administration of dl-valine may result 
in a deposition of hepatic glycogen.* Administration of dl-valine has also 
been reported to decrease the excretion of acetone bodies in rats suffering 
from experimental ketosis.*® Studies with liver slices also provide evidence 
of the antiketogenic effect of dl-valine.*® 

Leucine does not effect the excretion of a significant amount of extra 
glucose in the urine of a phlorizinized dog. Furthermore, dl-leucine does 
not promote glycogen formation in appropriate test animals.” On the 
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other hand, acetone bodies are formed when this amino acid is perfused 
through the surviving liver.“ Similarly, when fed to a diabetic patient, 
leucine also effects an increase in the urinary excretion of 6-hydroxybutyric 
acid.4 Butts and his co-workers *? have shown that dl-leucine may con- 
tribute to acetone body formation in the rat. . 

Under appropriate experimental conditions dl-norleucine is antiketogenic 
and may also give rise to an appreciable amount of liver glycogen in the 
rat.2 Similarly, the administration of norleucine to a phlorizinized dog 
effects an excretion of extra glucose in the animal’s urine.*® 

dl-Isoleucine has been reported to yield neither extra glucose nor a 
significant amount of acetone bodies when fed to the phlorizinized dog. 
Acetone bodies are sometimes found, however, when isoleucine is perfused 
through the liver.*7 Butts and his associates ” also report that dl-isoleucine 
may give rise to acetone bodies when administered as the sodium salt to 
fasted rats. These research workers also observed that the administration 
of dl-isoleucine to fasted rats may be followed by a deposition of glycogen 
in the liver. The metabolism of this amino acid is indeed interesting. On 
one hand, under certain experimental conditions, dl-isoleucine may increase 
the excretion of acetone bodies in rats; on the other hand its administration 
may be followed by carbohydrate deposition in the liver. This difference 
in behavior may depend on the demethylation or deethylation of the amino 
acid in the course of its metabolism. 

Dicarboxylic Amino Acids. It is only within recent years that some of 
the interesting metabolic roles of aspartic acid and of glutamic acid have 
been elucidated. These acids are important structural units of tissue pro- 
teins and are capable of being synthesized in the animal organism. One of 
the substances under discussion, glutamic acid, is also a constituent of 
glutathione, a tripeptide of physiological interest, particularly in connec- 
tion with oxidation-reduction phenomena in the animal body. Waelsch 
and Rittenberg,** who studied the metabolism of the tripeptide with the 
aid of isotopes, have suggested that glutathione may act as an inter- 
mediate between free amino acids and proteins. 

Like other amino acids, glutamic and aspartic acids may be oxidized in 
the animal body to provide carbon dioxide, water, and energy. The amino 
nitrogen liberated is ultimately converted to urea and excreted. 

The keto acids formed as a result of oxidative deamination of glutamic 
and aspartic acids are of unusual interest. Both of these substances, like 
their parent amino acids, are intimately associated with the phenomenon 
of transamination — a process which was discussed in the preceding chap- 
ter. The keto acid derived from aspartic acid, oxaloacetic acid, plays a 
fundamental role in cellular oxidations.*® Similarly, it has been postulated 
that both a-ketoglutaric and oxaloacetic acids play a part in the inter- 
mediary metabolism of carbohydrates.*° In this connection it is note- 
worthy that a-ketoglutaric acid can be synthesized from pyruvic acid in 
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the pigeon liver by a mechanism involving the participation of carbon 
dioxide.** It is believed that the carbon dioxide combines directly with 
pyruvic acid to yield oxaloacetic acid, the latter then combining with an 
additional molecule of pyruvate to form a-ketoglutarate.®! 

Both aspartic acid and glutamic acid effect an excretion of extra urinary 
glucose when they are fed to a phlorizinized animal.” In these instances, 
however, the amount of extra glucose excreted is equivalent to only three 
carbon atoms of each of the administered dicarboxylic acids. Hepatic 
glycogen deposition follows the administration of either glutamic acid or 
aspartic acid to fasted rats.** 

The amides of the dicarboxylic amino acids are worthy of note, since 
these acids often occur in this form in nature. The amide of glutamic acid, 
glutamine, is involved in a mechanism of urea formation distinct from the 
ornithine cycle, according to Leuthardt.*4 This mechanism has already 
been considered in connection with the discussion of urea formation in the 
preceding chapter. The amide of aspartic acid, asparagine, may participate 
in a similar mechanism.** Glutamine also plays a role in detoxication. 

The chemical relationship between the dicarboxylic amino acids and their 
related keto acids and amides is shown below. 


CONH, COOH COOH 
CH, CH, CH 
dunn, dunn, =0 
boon boon boon 
Asparagine Aspartic acid Oxaloacetic acid 
CONH:2 COOH COOH 
CH, CH2 He 
H, bn, CH: 
dunn, bunH, C=0 
boon boon boon 
Glutamine Glutamic acid a-Ketoglutaric acid 


Of unusual interest is the recent report of Van Slyke and his associates °° 
that the bulk of urinary ammonia has its origin in the glutamine of the 
blood. This important finding directly relates glutamine to mechanisms 
for preserving the acid-base balance in the animal body. In in vitro studies 
Krebs * has shown that glutamine may be formed from ammonium gluta- 
mate by tissue from kidney, brain, and retina. Furthermore, extracts 
from tissues which synthesize glutamine contain a specific enzyme (gluta- 
minase) which can convert glutamine to ammonium glutamate. *® & 

Hexone Bases. The basic amino acids, arginine, lysine, and histidine, 
which all contain six carbon atoms, are common structural units of tissue 
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proteins. Their prominence in this connection is suggested by the fact that 
Kossel * once postulated that all proteins contained a nucleus of basic 
amino acids. 

The hexone bases are not synthesized in the growing mammal at a rate 
commensurate with the requirements of normal growth.'® This does not 
mean that no synthesis of any of the three amino acids occurs. Synthesis 
of arginine by the rat, for instance, has been demonstrated, although the 
rate of formation was inadequate for normal growth of the animal.** Some 
synthesis of histidine may also occur in the mammalian organism, since 
this amino acid is not required for the maintenance of nitrogen balance in 
man.°*° 

Arginine is readily split by arginase, an enzyme present in the mammalian 
liver, to yield ornithine and urea. Both arginine and ornithine are prom- 
i 2ontly featured in the mechanism of urea formation proposed by Krebs 
and Henseleit.°° This mechanism is discussed in the preceding chapter. 

Arginine, like glycine and the methyl group of methionine, is one of the 
precursors of creatine in the body.® The origin of the various parts of the 
creatine molecule may be pictured as follows: 


Creatine 
eS 
Des: C=NH 

ee os N—CH;COOH ~=— H:NCH,COOH 
- On, 
=H: 
Amidine group Methyl group Glycine 
of arginine from methionine 


Both ornithine and arginine, when fed to a phlorizinized dog, effect an 
excretion of extra glucose in the urine.*® 

Lysine, according to Felix and Naka,® is not deaminated in vitro by rat 
kidney or liver tissues. Nevertheless, lysine can yield its nitrogen for the 
formation of other amino acids in vivo.® Once deaminated, however, it 
cannot be regenerated by amination.® Lysine is unique among the amino 
acids in this respect. It is conceivable that the a-keto group of the oxi- 
datively deaminated residue of lysine reacts with the terminal amino group 
to form a substituted piperidine, and that the ring closure precludes refor- 
mation of lysine by amination. 

Lysine is the mother substance of cadaverine: 


CH.NH, CH.NH, 
(CHa)s _—_ (CHa); + CO; 
CHNH; CH.NH, 
OOH 


Lysine Cadaverine 
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Ornithine, on decarboxylation, ‘yields a comparable diamine 
NH;CH,(CH:2),CH:NH>, putrescine. Both cadaverine and _ putrescine 
are ptomaines and may be formed on putrefaction of protein material. 
Frequently, the term “ptomaine” poisoning is erroneously applied to 
food poisoning resulting from bacterial contamination of food. Cadaver- 
ine and putrescine have, sometimes, been observed in the feces and urine 
of cystinuric individuals, and in cholera the stools seem to contain these 
ptomaines frequently.“ According to Wells,™ the toxicity of both putres- 
cine and cadaverine is slight. 

Histidine can be oxidatively deaminated in vitro by kidney slices.? It 
may, however, be degraded in vivo in a different fashion. Thus histidase, 
an enzyme present in the mammalian liver, is capable of splitting the im- 
idazole ring of histidine with the formation of ammonia as one of the reac- 
tion products.® According to Edlbacher and Kraus,® glutamic acid mé‘y 
eventually be formed from the carbon chain of histidine split in this 
manner. 

Another enzyme, histidine decarboxylase, which is present in liver tissue 
as well as in the tissue of other organs, is capable of effecting the decar- 
boxylation of histidine. 


HC———C—CH:2CHCOOH histidine HC——=C—CH.CH: 


| decarboxylase | 


N NH NH, —_——_—_> N NH NH. + CO: 
ee boa 
C Cc 
H H 
Histidine Histamine 


Histamine, a substance of considerable physiological interest, is, perhaps, 
identical with the hormone gastrin. Histamine may be destroyed in vivo 
by the enzyme histaminase. 

Urocanic acid (imidazolyl-acrylic acid) has been isolated from the urine 
of experimental animals fed histidine. Darby and Lewis,” who extensively 
studied the relationship of urocanic acid to the intermediary metabolism 
of histidine, have concluded that this acid is not a quantitatively important 
intermediate in the normal metabolism of histidine. Histidine has some- 
times been considered to be one of the precursors of purines in the body. 
Evidence proving this suggested relationship is lacking. 

Histidine is a common constituent of normal pregnancy urine, but its 
presence cannot be taken as a criterion of pregnancy for it is excreted in 
widely varying amounts by both males and females in health and in 
disease.®* 

Of interest in connection with histidine is the occurrence in blood of the 
betaine of thiolhistidine and of ergothioneine. 
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Ergothioneine 


Nothing is known of the function of this compound in the body. It has 
been reported that in rat’s blood, ergothioneine is exogenous and that its 
level in the blood of these animals is influenced by the diet.®® No consistent 
effect of various types of diet on the ergothioneine content of the blood 
could be demonstrated in preliminary studies on human subjects.” 

Also of interest is the occurrence in muscle of carnosine, a peptide of 
histidine and B-alanine, and of anserine, a methyl derivative of carnosine. 

Heterocyclic Amino Acids. Four heterocyclic amino acids, tryptophane, 
proline, hydroxyproline, and histidine, are known to serve as structural 
constituents of proteins. Histidine has already been discussed. 

Tryptophane may be deaminated in vitro under aerobic conditions by 
kidney slices.2 Presumably, the catabolism of tryptophane in vivo may 
similarly begin by oxidative deamination. 

In some animals, a mechanism exists for the conversion of tryptophane 
to a quinoline derivative. The rabbit and dog, to cite examples, can con- 
vert ingested tryptophane, in part, to kynurenic acid, which may be de- 
tected in the urine of these animals.) A precursor of kynurenic acid, 
kynurenine, may be similarly excreted. Kynurenic acid is apparently not 
an intermediate product but an end product of tryptophane metabolism.” 
In those animals which excrete the compound, the elimination of kynurenic 
acid is most readily demonstrable after the ingestion of relatively large 
amounts of tryptophane — the production of kynurenic acid occurring 
especially when there is an excess of tryptophane over normal metabolic 
requirements. Small amounts of kynurenic acid have been isolated from 
the urine of human subjects who ingested several grams of tryptophane.” 

Without picturing all the postulated intermediate compounds, one may 
indicate the origin of kynurenic acid from tryptophane as follows: 74 


C—CH,CHCOOH C=CHCHCOOH \ 

bx wu, Moor ‘ ie 

i : N COOH NH: _gcoon 
af 


Qo 





N NH, 
H No 
Tryptophane Kynurenine Kynurenic acid 
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The formation of kynurenine from tryptophane in vivo is not a reversible 
reaction for it has been shown that the former substance cannot replace 
dietary tryptophane.75 

According to Kotake and Sakata, tryptophane is one of the precursors 
of the urinary pigment, urochrome.” It is also a precursor of indican, a 
normal constituent of urine. Indole and skatole, which are largely respon- 
sible for the characteristic odor of feces, are formed as the result of bacterial 
activity on this amino acid in the intestine. 


O 
Pd 
eee. OL —o—CH 
os: OK ro: a: 
N N 
H H H 
Indican Indole Skatole 


The heterocyclic amino acids proline and hydroxyproline are capable of 
being synthesized by the animal organism; but de novo synthesis of trypto- 
phane does not occur at all or at least not to an extent sufficient to satisfy 
the needs of the animal body for growth,'® or for maintenance of nitrogen 
balance.” 

Proline does not bear a primary amino group. Deamination of this 
amino acid necessitates rupture of its five-membered ring. In zn vitro ex- 
periments with kidney tissue Weil-Malherbe and Krebs 7® have observed 
that there is an increase in amino nitrogen during the course of the oxida- 
tion of proline. In this experiment the amino compound, itself, was not 
isolated but under slightly modified conditions it was possible to identify 
a decomposition product, a-ketoglutaric acid, and ammonia. The inter- 
mediate amino compound would appear then to be glutamic acid, and the 
aforementioned investigators picture the metabolism of proline in kidney 
as follows: 








H.C CH, H2C CH2 + NHs 


Or | — glutamine 
=a — > HC—COOH 
oN Be Pdi Pte y +40: _,.-ketoglutaric acid 
N NH; + ammonia 
H 
Proline Glutamic acid 


If proline is subject to the same type of breakdown in vivo, then its 
metabolic fate in the body is similar to that of glutamic acid, the metab- 
olism of which has already been discussed. 

With regard to the origin of proline in vivo, it has been demonstrated in 
experiments in which isotopic tags were employed that ornithine may be 
converted to proline in the mouse. Schoenheimer ’* has formulated the 
conversion in the following manner: 
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The administration of proline to a phlorizinized dog results in the excre- 
tion of extra glucose in the urine.*° 

Hydroxyproline has not been studied extensively and little is known of 
its metabolism. The possibility that reduction of hydroxyproline to pro- 
line is the first step in the breakdown of this heterocyclic hydroxy amino 
acid has been suggested.7* This suggestion is based on the observation 
made in tissue-slice studies that under certain conditions hydroxyproline, 
like proline, causes the formation of an acid amide which reacts like gluta- 
mine.”* It would appear from other studies, however, that proline and 
hydroxyproline may follow different metabolic pathways. Illustrative of this 
is the observation of Edson * that liver slices under appropriate conditions 
produce acetoacetic acid in the presence of hydroxyproline, whereas no signifi- 
cant amounts of the ketone body are formed in the presence of proline. 

Aromatic Amino Acids. Phenylalanine and tyrosine are common struc- 
tural units of protein. These aromatic amino acids may be deaminized by 
rat kidney slices under aerobic conditions,? and there is evidence that oxi- 
dative deamination of both substances can likewise occur in vivo. Like 
other amino acids they may be completely oxidized in the normal animal 
body. The aromatic amino acids have both been found to give rise to 
ketone bodies under certain conditions.® Both are considered to be keto- 
genic amino acids. When fed to a phlorizinized dog, neither substance 
evokes an excretion of extra glucose in the urine. 

According to Neubauer,** tyrosine metabolism may have as its initial 
step oxidative deamination, with consequent formation of p-hydroxy- 
phenyl pyruvic acid. This compound is eventually converted to homo- 
gentisic acid, which in turn is normally oxidized to carbon dioxide and 
water. Without including all the postulated intermediary compounds, Neu- 
bauer’s scheme of tyrosine metabolism may be briefly pictured as follows: 


H H 
0 O 
| OH 
poet — HO —> CO; + H.0 
Hz He H, 
OOH COOH 


Tyrosine p-Hydroxyphenyl- Homogentisic 
pyruvic acid acid 
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Phenylalanine, according to Neubauer, can be converted to tyrosine, and 
thus also plays a part in this scheme. Homogentisic acid, which appears 
as a metabolite in the above scheme, is excreted in the urine of individuals 
suffering from the inborn error of metabolism, alcaptonuria. It is readily 
oxidized by normal individuals. 

Dakin ™ was early of the opinion that homogentisic acid was not a nor- 
mal product of intermediary metabolism of tyrosine or phenylalanine, but 
rather that the excretion of homogentisic acid in aleaptonuric urine was the 
result of abnormal production and faulty destruction of this acid by indi- 
viduals afflicted with this disease. In the meantime, however, excretion of 
homogentisic acid has been effected experimentally in man ®* * and in the 
guinea pig ®* by feeding an excessive amount of tyrosine, and in rats by 
feeding comparatively large amounts of phenylalanine.*’ It would there- 
fore seem that homogentisic acid is a normal metabolite. It is normally 
oxidized completely, and appears in the urine of man or animals only under 
unusual experimental conditions when some of it escapes oxidation. Further 
information of interest in connection with the metabolism of tyrosine is 
included in the discussion of inborn errors of metabolism at the end of this 
chapter. 

The chemical relation of tyrosine to thyroxine and-epinephrine is note- 
worthy. It is interesting that thyroxine may be synthesized in vitro by the 
iodination of casein (which contains tyrosine) under particular experimental 
conditions.** Little is known of the details of the synthesis of thyroxine 
from tyrosine in vivo. With regard to the formation of epinephrine, it has 
been observed in studies with tissue slices that the decarboxylation of 
tyrosine may be effected by kidney tissue.*® Conceivably, tyramine formed 
in this way in the kidney can be converted to epinephrine in the adrenals. *° 


H 
O a ae I I 
HOC: >C—CH HO 0 CH,CHCOOH 
fk wo¢ 0 a 
NCH; NH; 
Epinephrine Thyroxine 


Tyrosine is also related to melanin, a coloring matter normally occurring 
in the skin. A pigment may be readily produced as a result of the action 
of tyrosinase on tyrosine. 3,4-Dihydroxyphenylalanine is formed as an 
intermediate product.°° 

dl-Phenylalanine may be converted to tyrosine by the surviving liver, 
as shown years ago by Embden and Baldes.** More recently the conversion 
of dl-phenylalanine to tyrosine in normal rats was demonstrated in experi- 
ments in which isotopically labelled phenylalanine was administered to 
normal rats, and tyrosine bearing the isotopic tags was isolated from the 


tissues. 
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Reversal of this reaction in vivo apparently does not occur to any great 
extent, since tyrosine cannot replace dietary phenylalanine in young rats.” 

The phenylalanine which is converted to tyrosine suffers the same fate 
in the body as tyrosine from any other source. Phenylalanine may, how- 
ever, follow a pathway in metabolism different from that of tyrosine. The 
urinary picture in rabbits after ingestion of comparatively large amounts 
of dl-phenylalanine differs from that presented after ingestion of comparable 
amounts of tyrosine.** The administration of phenylalanine to individuals 
suffering from Oligophrenia phenylpyruvica increases the excretion of phenyl- 
pyruvic acid in the urine. Tyrosine has no like effect.®° Administration of 
phenylalanine to an appropriate experimental animal may likewise effect 
an excretion of phenylpyruvic acid in the urine.*® It is apparent that 
phenylalanine can be converted to phenylpyruvic acid in the animal organ- 
ism. Phenylpyruvic acid, unlike phenylalanine itself or tyrosine, does not 
however yield acetoacetic acid in the surviving liver.” 

There would seem to be at least two pathways for phenylalanine break- 
down. In experiments in which ketone body production is observed from 
phenylalanine, the breakdown apparently does not proceed along the route 
which has phenylpyruvic acid as an intermediate. 

Vitamin C exhibits an interesting relation to the metabolism of the aro- 
matic amino acids.” It has been observed that p-hydroxyphenylpyruvic 
acid and homogentisic acid are excreted in the urine of vitamin C-deficient 
guinea pigs fed extra tyrosine. These substances do not, however, appear 
in the urine when an adequate amount of vitamin C is administered. Pre- 
mature infants fed vitamin C-free milk likewise excrete in the urine sub- 
stances derived from tyrosine.** Here again the administration of ascorbic 
acid prevents the appearance of the compounds in the urine. 

Inborn Errors of Amino-acid Metabolism. Several inborn errors of 
amino-acid metabolism are known. The metabolism of aromatic amino 
acids is involved in albinism, alcaptonuria, and Oligophrenia phenylpy- 
ruvica; the metabolism of sulfur-containing amino acids is implicated in 
cystinuria. Unlike a metabolic disease such as diabetes mellitus, the inborn 
errors of amino-acid metabolism generally show little tendency to become 
aggravated as time goes on, and they are not helped by therapeutic agents. 
In the case of individuals with a congenital error of metabolism, a particu- 
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lar metabolite is not dealt with normally, owing probably to the lack or to 
the improper functioning of some enzyme or enzyme system. In a classic 
treatise Garrod * writes that one is tempted to regard inborn errors of 
metabolism as metabolic sports — chemical analogs of structural mal- 
formations. 

Albinism is an inborn error of metabolism that is characterized by an 
abnormal deficiency in the formation of melanin, a type of pigment that 
plays an important role in the surface coloration of man and animals. 
The work of Bloch !° affords evidence in favor of the view that the defect 
in albinism is a lack of the specific enzyme which is capable of producing 
melanin in cells that are normally sites of pigmentation. This investigator 
treated surviving slices of skin from man and animals with dilute solutions 
of various aromatic compounds and found that, when a solution of 3,4-dihy- 
droxyphenylalanine was employed, a pigmentation of the skin resulted, 
except when albino hide or the white portion of the hide of spotted animals 
was used. That the catalyst effecting the formation of melanin is an enzyme 
is evidenced by the fact that it is destroyed by heat as well as by proteolytic 
enzymes, and is inactivated by some enzyme poisons. The amino acid 
3,4-dihydroxyphenylalanine may itself be formed from tyrosine by the 
action of an enzyme.” 

Aleaptonuria is an inborn error of aromatic amino-acid metabolism that 
is characterized by the excretion in the urine of homogentisic acid, a sub- 
stance that turns dark on exposure to air and that reduces Fehling’s solu- 
tion. Although Wolkow and Baumann ' in 1891 first identified the char- 
acteristic end product of aleaptonuria, the anomaly had been described 
centuries earlier in the medical literature. Garrod °° describes a typical 
case cited by Zacutus Lusitanus in 1649. The patient was a boy who 
excreted “black” urine. It was thought at the time that the condition was 
due to charring of his bile and a course of drastic treatment was instituted 
which was designed to subdue the imagined fiery heat of his viscera. 
Despite the bleedings, purgation, baths, and drugs, the condition was not 
ameliorated. According to the story, the boy later married, had a large 
family, and lived a long and healthy life, although he continued to excrete 
the characteristic urine. 

Alcaptonuric individuals cannot completely metabolize tyrosine and 
phenylalanine, and upon ingesting homogentisic acid they excrete it un- 
changed. Normal subjects, on the other hand, can completely metabolize 
reasonable amounts of tyrosine and phenylalanine. 

Tissue protein as well as food protein can contribute the precursors of 
homogentisic acid, for alcaptonurics continue to excrete the compound 
when fasting. It is noteworthy, moreover, that the blood proteins as well 
as the hair and nails of these subjects are not deficient in phenylalanine or 
tyrosine. It is apparent that a portion of the amino acids is utilized nor- 


mally by these individuals. 
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Oligophrenia phenylpyruvica, one of the most recently discovered inborn 
errors, is a derangement of the metabolism of phenylalanine. In 1934 Foll- 
ing ! reported that the urine of certain mentally defective patients is 
characterized by the presence of phenylpyruvic acid. Other investigators 
have confirmed this observation.!% Administration of phenylalanine effects 
an increase in the excretion of phenylpyruvic acid in patients with Oligo- 
phrenia phenylpyruvica.® It has been concluded that the metabolic dis- 
turbances in these individuals lies in the inhibition of the metabolism of 
phenylalanine at the stage of phenylpyruvic acid, the subjects being unable 
to oxidize this acid at a normal rate.®° 

Tyrosinosis is an error of tyrosine metabolism described by Medes.’ 
On the basis of available evidence tyrosinosis should not be classified as 
an inborn error, since only one case has been described and it is not known 
if the condition is congenital. Tyrosinosis is mentioned here because it is 
comparable, in some respects, to an inborn metabolic error. The anomaly 
is characterized by the excretion of p-hydroxyphenylpyruvic acid in the 
urine. Increasing the intake of protein or the administration of tyrosine 
or phenylalanine results in an augmented urinary excretion of the keto 
acid. When the keto acid itself is fed, much of it appears unchanged in the 
urine. Tyrosinosis must be extremely rare. Blatherwick 1°° was unable to 
find an additional case, although he examined 26,000 urine samples for the 
presence of the keto acid. 

Of interest in connection with the excretion of tyrosine metabolites is 
the report that premature infants receiving diets relatively rich in protein 
may excrete p-hydroxyphenylpyruvic acid and p-hydroxyphenyllactic acid 
in the urine.!°% 

Cystinuria, like other inborn errors of metabolism, is hereditary. Our 
knowledge of the anomaly dates from 1810 when Wollaston isolated a pre- 
viously undescribed type of urinary calculus — a calculus which years later 
was found to be made of cystine. Cystinuria is characterized by the excre- 
tion of abnormally large amounts of cystine in the urine. The excretion 
continues even during fasting. Because of its insolubility, cystine may 
contribute to the formation of urinary concretions, and the removal of such 
calculi sometimes presents a complex surgical problem.1% Paradoxically, 
it has been found that cystinuric individuals are able to metabolize com- 
pletely the amino acid cystine when it is given orally.!°8 In seeking a pre- 
cursor for the cystine which occurs in the urine of cystinurics, Brand and 
his associates 1°8 studied the metabolic behavior of other sulfur compounds, 
including cysteine and dl-methionine. Both of these compounds, when 
given orally to a eystinuric, were found to increase the output of cystine 
in the urine. The work of the above investigators was, in general, confirmed 
by Lewis and his associates,!°® who showed, moreover, that increase in 
urinary cystine following oral administration of dl-methionine is less when 
the cystinuric individual is fed a high-protein diet than when he is fed a 
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diet containing less protein. In the latter connection, it has been suggested 
that the utilization of the precursor of urinary cystine by cystinurics occurs 
more readily under conditions of a high level of protein metabolism. 
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Albrecht Kossel 


In nitrogen equilibrium, the amount of nitrogen eliminated from the 
body over a given period of time is equivalent to that ingested in the food 
during the same interval. Practically all the eliminated nitrogenous com- 
pounds are to be found in the urine and feces, and in most investigations 
of nitrogen balance other minor channels of nitrogen excretion, such as the 
sweat, are not given especial attention. For some types of study it may, 
of course, be necessary to consider all excretory channels. 
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Nitrogen balance can be established at different levels of protein con- 
sumption. Thus, an adult individual who habitually eats a diet rich in 
protein may be in nitrogen equilibrium, although he daily consumes food 
containing, for example, 20 grams of nitrogen. If the same individual 
changes to a satisfactory diet containing only 10 grams of nitrogen in the 
daily portion, after a lag period, during which the nitrogen eliminated from 
the body gradually diminishes, a new balance can be established at the 
lower level of nitrogen intake. In growing individuals the mass of protein 
in the body is increasing and the nitrogen balance is normally positive — 
more nitrogen is being consumed in the food than is being eliminated. On 
the other hand, in starvation, malnutrition, fevers, and wasting diseases a 
negative nitrogen balance is the rule —— more nitrogen is being excreted 
than consumed. 

The bulk of dietary nitrogen is contributed by the proteins of the food. 
However, a complete mixture of amino acids is able to replace protein for 
the maintenance of nitrogen balance. If an essential amino acid is removed — 
from the amino acid mixture, a negative balance ensues. Supplementation 
with the missing indispensable amino acid restores the nitrogen balance. 
An example of this phenomenon taken from a paper by Holt and his asso- 
ciates ! is shown below. 
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NITROGEN BALANCE (GRAMS PER DAY) 
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Nitrogen balance in human subjects on a diet deficient in tr 
yptophane. Redraw 
from a figure by Holt et al.,! Proc. Soc. Exp. Biol. and Med., 48, 726 (1941), a 


This is a simple illustration of the manner in which a study of the nitro- 
gen balance may provide information on the nutritive value of the nitrogen- 
containing substances in the diet. The method is, of course, more com- 
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monly applied to the study of dietary protein than to experimental amino- 
acid mixtures. The same type of information may be obtained from growth 
studies, a deficiency of an essential amino acid in the dietary protein pre- 
venting normal growth. It is noteworthy that the amino acids required for 
the normal growth of young rats, with the exception of arginine and histi- 
dine, are also required for the maintenance of nitrogen equilibrium in 
humans.? * 

Years ago Mitchell ¢ described the determination of the biological value 
of a protein by a method based upon nitrogen balance data obtained under 
definite experimental conditions. The simple calculation of the biological 
value is shown below: 


“Retained Food N”’ 


AieieliiGe Nis oe ee 


Values for retained food nitrogen and absorbed food nitrogen are obtained 
by taking advantage of the following premises: 


Absorbed Food N = Food N — Fecal Food N 
Fecal Food N = Fecal N — ‘‘ Metabolic N of Feces” + 
“Retained Food N” = Absorbed Food N — ‘‘Excreted Food N” 
““Excreted Food N” = Urine N — “Endogenous N of Urine’ t 


The complete formula for the calculation of the biological value of a dietary 
protein by this method then becomes: 


Food N — (F ecal N — segartentl = (Urinary N - paleo oe e) 
of Feces of Urine x 100 
Food N — (Fecal N — ‘Metabolic N of Feces’’) 


This method of estimating the bzological value of a protein is open to 
criticism in that it involves a determination of ‘“‘excreted food nitrogen”’ 
and of “endogenous nitrogen.” The distinction between ‘‘exogenous”’ 
nitrogen and “‘endogenous”’ nitrogen envisioned by Folin is no longer ten- 
able, according to the more modern concept of protein metabolism.*® This 
criticism need not, however, invalidate the estimation. As an empirical 
method in which the excretion of nitrogen in the urine and in the feces 
under the particular conditions suggested by Mitchell is determined, the 
procedure is capable of producing reasonable and reproducible results. 

Murlin and his associates * have employed a method for the determina- 
tion of the biological value of protein that is particularly useful for studies 
with human subjects. The procedure involves a comparison of the amount 


* It has been reported that dietary arginine is essential for human adults, despite the 
fact that its elimination from the diet for short periods does not induce a negative nitro- 
gen balance.’ If this report is confirmed, it will represent a limitation of the usefulness of 
short-term nitrogen balance studies. 

t ‘Metabolic N of Feces” = fecal nitrogen on a nitrogen-free diet. ' 

t “Endogenous N of Urine” = total urinary nitrogen on a nitrogen-free diet. 
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of urinary and fecal nitrogen excreted by an individual fed an especially 
designed diet rich in egg protein with the amount of nitrogen excreted by 
the same individual fed a similar diet, in which the protein to be tested 
replaces the egg protein. 

The biological value is not an absolute figure; the bzological value of a pro- 
tein fed at a 5 per cent level in the diet is, for example, greater than that 
of the same protein fed at a 10 per cent level.” It seems desirable that de- 
terminations be made at a given low level of protein intake — 5 per cent 
of total calories, for instance —in order to permit proper comparison of the 
biological value of one protein with that of another. 

The biological value, moreover, does not take into account the digestibility 
of a protein. It provides information only on that portion of an ingested 
protein that is digested and absorbed. It is also desirable to know the value 
to the body of the whole protein as it is ingested. Mitchell has approached 
this problem by indicating the losses incurred by a dietary protein ‘‘in 
digestion” and ‘‘in metabolism” and arriving at the “‘net protein content”’ 
of a given food.’ Another, and for some purposes more desirable, way of 
providing quantitative information on the nutritive value of a protein 
would be to multiply its biological value by its digestibility. The result 
serves as the nutritive index of the protein. For example, the comparative 
nutritive index of soybean protein in cooked soybeans has been determined 
in one laboratory to be 94.5 x 0.90 = 85.9 

Inspection of the amino-acid composition of a protein is capable of pro- 
viding considerable information on its nutritive value. Such examination 
would show, for instance, that casein is nutritionally superior to gelatin. 
Data on the amino-acid composition of various food proteins will undoubt- 
edly be of even greater value in the future when more is known of the re- 
quirement of the body for particular amino acids. However, the ultimate 
criterion of nutritive value will always be information gained from in vivo 
studies. Such studies include those designed to determine the ability of a 
given protein to promote growth or to maintain nitrogen equilibrium under 
particular dietary conditions. 
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Proteins in Nutrition 


Synthesis of Proteins. Organisms differ in their ability to utilize nitrogen 
for the synthesis of proteins, essential components ot all cells. Some lower 
forms of life can use ammonia and nitrites for this purpose, but the higher 
animals require amino acids. In the latter case no protein is formed if a 
particular amino acid is unavailable, since a cell will build its character- 
istic protein or none at all. Therefore, all animals must obtain these nec- 
essary amino acids either from the diet or by synthesis in their tissues. 

Protein Storage. Excess fats and carbohydrates are stored in the body. 
In striking contrast, the amino acids appear to be utilized immediately for 
their normal functions or to be catabolized and burned for fuel. During 
the last. decade there has been considerable discussion of ‘‘reserve protein,” 
a type of protein, analogous to glycogen, for the storage of amino acids. 
It is apparent that there is little evidence for the presence of any protein 
which has as its sole function the storing of amino acids. However, an 
animal in the healthy state does contain more protein than one deprived 
of the amino acids necessary for adequate nutrition. Under these circum- 
stances, certain protein fractions of the body such as those of blood plasma 
and of the liver can be readily broken down to supply nitrogen for other 
purposes, but when these fractions are depleted the remaining tissue pro- 
teins are tenaciously retained. In this sense, then, there may be a protein 
reserve. 

Protein Malnutrition. Within the last few years it has become apparent 
that protein malnutrition is more prevalent than was originally supposed. 
The examination of a large number of men for the armed services has made 
possible the study of the incidence of dietary deficiencies in this country. 
The number rejected because of obvious malnutrition is small, but there 
are many defects which can be traced to nutritional inadequacy.’* You- 


mans, in a study of the rural population of Tennessee, found the incidence 
221 


222 AMINO ACIDS AND PROTEINS 


of hypoproteinemia as high as 20 per cent. Investigations on 1000 adults 
in New York City showed that 60 per cent ate less than 42 gm of protein 
per day.? From the study of the average intake of 1000 German laborers, 
Carl Voit in 1881 * decided that about 118 gm of protein per day is required. 
He argued that since man is an intelligent animal and is eating this quan- 
tity, he must require this amount per day. This value is now generally 
considered to be higher than necessary. Moreover, the quantity of protein 
is not nearly so important as the “‘quality,’’ which depends upon the amino 
acids present. 


e 
Wiad 
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Dispensable and Indispensable Amino Acids 


In Rats. When means of separating the amino acids became available, 
there followed a period of intensive investigation of a great many proteins, 
whereby it was found that a few of them are practically devoid of certain 
of the amino acids. Some of these proteins are incapable of sustaining 
growth of experimental animals when substituted in the diet for a more 
complete nitrogen source. This fact was utilized in one of the first methods 
of investigating the importance of amino acids in nutrition. Willeock and 
Hopkins ** fed zein, the protein of corn, to mice. The animals declined in 
weight and soon died. Addition of tryptophane greatly increased the sur- 
vival time, but the mice did not grow, presumably because of the lack of 
some other amino acid, such as lysine. 

The work of Osborne and Mendel established the importance of several 
of the individual amino acids. Gliadin, the protein of wheat, supported 
the growth of young rats only when supplemented with lysine, whereas 
zein required the addition of both lysine and tryptophane.** Such experi- 
ments furnished the first conclusive demonstration that these amino acids 
are required for growth. Eighteen per cent of casein in an otherwise ade- 
quate ration allows excellent weight increments in young rats; but as the 
amount of casein is diminished, a point is reached at which the animals no 
longer grow at a normal rate. These investigators found that the inclusion 
of cystine at this point increases weight gains.®® Therefore, for many years, 
cystine was listed as an amino acid indispensable for rats. Jackson and 
Block * later demonstrated that the addition of either cystine or methi- 
onine enables the animals to grow on such a diet, and for some time the 
relation between these two amino acids was obscure. 

Determinations of the réle of amino acids in nutrition by feeding inade- 
quate proteins are limited. A variation of this procedure consists of 
hydrolyzing the protein and removing certain amino acids by various pre- 
cipitation methods. The resulting material may be incorporated as the 
nitrogen source in the ration. In this way, Ackroyd and Hopkins? fed 
young rats hydrolyzed casein from which the histidine and arginine had 
been more or less completely removed. They reported that when both 
compounds were absent the animals lost weight; when both were added, 
they grew; and when either compound was included, they only maintained 
their weight or made slight gains. The suggestion was made that in metab- 
olism the two might be interconvertible. Rose and Cox ® in the same type 
of experiment showed that histidine is indeed necessary for the growth of 
rats, but were unable to demonstrate any interchangeability with arginine. 

Another method of studying the nutritional importance of the amino 
acids is to investigate the synthesis of these compounds. Scull and Rose *® 
removed arginine as completely as possible from hydrolyzed casein and 
fed the arginine-free product to young rats. Litter mates were killed at 
the start of the experiment and analyzed for their arginine content. After 
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64 days the experimental animals were likewise analyzed for their content 
of this amino acid, and when considerable amounts of arginine were shown 
to have been synthesized, it was classified as a dispensable compound. 

In view of the obvious limitations of the methods so far described, Rose 
in 1930 began investigations with diets of purified amino acids. It was 
immediately discovered that when a mixture of nineteen of the known pro- 
tein components was incorporated in the ration of young rats as the sole 
source of nitrogen, rapid losses of weight occurred.” Moreover, the inclu- 
sion in this food of a small amount of protein caused the animals to‘gain,® 
a fact which Rose attributed to the presence in the protein of some hitherto 
unrecognized amino acid. This hypothesis was proved to be correct by 
the isolation and identification of an a-amino-§-hydroxybutyric acid, 
which was named threonine because of the similarity of its configuration 
to that of the sugar, d-threose.*” A mixture of the known amino acids, 
including this compound, brought about comparatively rapid gains in 
weight, and it was then possible to drop out individual amino acids, or 
groups of them, and observe the effect. By this method it was shown that 
valine,” leucine and isoleucine ** must be present to prevent loss of weight 
and eventual death. The removal of tyrosine and phenylalanine produced 
losses in weight which the return of phenylalanine served to correct. The 
addition of tyrosine was not effective.*! That there is a definite require- 
ment for tyrosine can be demonstrated by adding the amino acid to a 
ration containing amounts of phenylalanine sufficient only for sub-normal 
growth. In this case, there is a prompt increase in the growth rate.” 
Therefore, the requirement for phenylalanine can be satisfied only by that 
amino acid, but the requirement for tyrosine may be filled by either of 
these substances. Using phenylalanine containing deuterium, Schoen- 
heimer ** and Rose and Howe” have demonstrated its direct conversion to 
tyrosine. 

In a similar fashion, the relationship between the two sulfur-containing 
amino acids was solved. Surprisingly enough, it is methionine and not 
cystine which is the important member of this pair.°® The absence of both 
leads to complete nutritive failure and death in a comparatively short time. 
The addition of cystine has almost no effect in modifying this trend, while 
methionine alone brings about rapid gains which are not improved by 
cystine. Here again if the essential compound is present in less than opti- 
mum amounts, the addition of cystine brings about increases in the growth 
rate.** ‘The methionine requirement can be met only by that amino acid, 
but the cystine need may be satisfied by either cystine or methionine. 

In reinvestigating the place of arginine in the classification of amino 
acids, an unexpected result was obtained. On an arginine-free diet, which 
could not be produced by earlier methods, it was found that the gains in 
weight were only 70 to 80 per cent as great as those of the controls recely- 
ing this amino acid. Apparently the young rats can synthesize this com- 
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pound, but not at a rate rapid enough to meet the demands of normal 
growth. In consideration of these results, an essential amino acid is now 
defined as “one which cannot be synthesized by the animal organism, out 
of the materials ordinarily available at a speed commensurate with the 
demands for normal growth.” 

In a like manner it has been shown that the removal of glycine, ala- 
nine,“ norleucine,” serine, proline, hydroxyproline, aspartic acid, or 
glutamic acid * has no effect on the growth rate of young rats. Therefore, 
these compounds, along with tyrosine and cystine, are classed as dispen- 
sable. 


Classification of the Amino Acids with 
Respect to Their Growth Effects * 


Indispensable Dispensable 
Lysine Glycine 
Tryptophane Alanine 
Histidine Serine 
Phenylalanine Norleucine 
Leucine Aspartic Acid 
Isoleucine Glutamic Acid 
Threonine Hydroxyglutamic Acid 
Methionine Proline 
Valine Hydroxyproline 

* Arginine Citrulline 
Tyrosine 
Cystine 


It should be pointed out that although these compounds are dispensable 
for growth, they may well be indispensable for some other function. Indeed, 
if increasing amounts of benzoic acid are added to the diets of young rats, 
a point is reached at which the animals cannot meet the combined require- 
ments for detoxication and growth, and the growth rate is reduced, to be 
resumed if a small amount of glycine is added to the ration with the benzoic 
acid. Certain amino acids may be shown to have other functions. Under 
conditions of stress they may not be synthesized rapidly enough to meet 
the requirements of these special uses and of growth. 

The nutritive value of the optical isomers of the essential amino acids 
has been determined by measuring their ability to supplement deficient 
rations. Both the d- and the I/- forms of tryptophane,}* }* *° histidine,” 
methionine,*! and phenylalanine * promote growth. On the other hand, 
only the natural forms of lysine, valine, leucine, isoleucine “ and threo- 
nine ® are biologically active. The effect of the inclusion of d-arginine in 
an arginine-free diet has not yet been reported. Data obtained by substi- 
tuting certain amino acids in the ration with their corresponding a-keto or 
a-hydroxy analog have been published. Phenylalanine, leucine, isoleu- 
cine,* methionine,2” * tryptophane,” '” °° and histidine ** “ are replace- 


* Arginine can be synthesized by the animal organism, but not at a sufficiently rapid 
rate to meet the demands of normal growth. 
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able by both their a-keto and a-hydroxy derivatives. The analogous 
a-hydroxy compound can be used in place of valine.™ 

The absence from the ration of growing animals of an essential amino 
acid, other than arginine, results in a loss of appetite, a decline in weight 
and ultimate death. However, the removal of valine results in a unique set 
of symptoms. Rose and Eppstein found that rats deprived of valine be- 
come sensitive to touch and manifest a severe lack of coordination in move- 
ment.” There are reports that a tryptophane-low diet will lead to the 
formation of cataracts.*: *! In addition to the ocular lesions, which are said 





Fig. 1. The initial stages of the incoordination in movement observed in animals 
deprived of valine. 


to develop in 8 to 82 days, other changes noted in young rats were loss of 
weight, alopecia, greasy hair and nervousness. A detailed pathological 
report has been made of the changes resulting from lysine deprivation. 
Harris, Neuberger and Sanger ** concluded that the cessation of growth 
and hypoproteinemia which they observed are due to a general inhibition 
of protein formation. These are not specific for lysine deficiency, but are 
characteristic of any animal not obtaining sufficient amino acids. 

In adult animals where rate of growth can no longer be measured, the 
nitrogen balance is a valuable tool in determining the role of amino Stiis 
in nutrition. Investigations of the requirements of the adult rat, unfortu- 
nately, are in conflict. Wolf and Corley,®® using nine of the amino acids 
essential for growth, omitting arginine, found that the animals could be 
maintained in nitrogen equilibrium, but that the omission of any one from 
the diet resulted in large nitrogen losses. They conclude that the amino 
acids required by the growing animal, with the exception of arginine, are 
also required by the adult. Burroughs, Burroughs, and Mitchell 22 cota 
that threonine, isoleucine, valine, tryptophane and methionine are needed 
to replace the loss of nitrogen in endogenous catabolism in the adult rat 
They report that the data suggest, but do not prove, that lysine is ike 


pensable, an observation difficult to reconcile with the findings of Schoen- 
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heimer,* who has shown that of all the amino acids in the animal body, 
lysine is the only one which does not participate in the exchange of amino 
groups and therefore is least likely to be synthesized. Burroughs, Bur- 
roughs and Mitchell find tyrosine and phenylalanine to be interchangeable, 





Courtesy Prof. W. C. Rose and Journal of Biological Chemistry 


Fic. 2. Upper photograph shows a rat on the 28th day of valine deprivation. The 
lower photograph shows the same animal after valine had been administered for 25 days. 


and leucine, histidine, and arginine to be dispensable. However, if leucine 
is omitted, norleucine must be included. Additional data are needed before 
one can choose between these two lists of amino acids essential for the 
adult rat. 

In Mice. The amino acid requirements of the mouse have been reported 
recently by Bauer and Berg." By feeding mixtures of the purified com- 
pounds, they have established that methionine, phenylalanine, valine, 
leucine, isoleucine and threonine are required for growth. Previous sates 
by other workers have indicated the need of this animal for tryptophane, 
histidine # and probably lysine. Bauer and Berg noted no difference in 
the growth rate on diets with and without arginine, and conclude that the 
mouse is able to synthesize this amino acid. | 

In Chicks. Almquist and his associates’ have investigated the quali- 
tative and quantitative amino-acid requirements of the chick. Using diets 
containing casein, which is low in glycine, they have demonstrated that 
while the chick probably can synthesize glycine, it cannot do 80 at a rate 
which will meet the demands of early rapid growth. Increases in quantity 


! 
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of glycine up to about 1 per cent give increasing rates of gain. In contrast 
to the rat and the mouse, the young chick seems to be unable to synthesize 
arginine, and loses weight rapidly on a diet low in this amino acid. Even 
a ration containing 20 per cent of casein does not supply enough arginine 
for the best growth, as is shown by the fact that the addition of arginine 
brings about greater gains. About 1 per cent or more of this amino acid 
must be furnished in the food. Using arachin, a peanut protein deficient 
in methionine, Almquist has shown that methionine is required and that, 
as in the rat, more of this amino acid is necessary if cystine is absent 
(0.9 per cent methionine on a cystine-free ration, or 0.5 per cent methi- 
onine in the presence of 0.4 per cent cystine). These results again demon- 
strate that methionine can fill the need for both methionine and cystine, 
but that cystine can meet the requirements only for cystine. The need for 
about 0.5 per cent of tryptophane was demonstrated on @ ration in which 
the other amino acids were supplied by gelatin and acid-hydrolyzed casein. 
The amount of lysine furnished by 25 per cent of edestin in the ration 
proved to be sub-optimal, and about 0.9 per cent of this amino acid was 
found to be required. 

In Dogs. The amino-acid requirements of adult dogs have been studied 
by Rose and Rice.” The animals can be maintained in positive nitrogen 
balance on the ten amino acids determined to be essential for the growing 
rat. Removal of arginine has no effect on the balance, so this compound 
is not an essential dietary component for the adult of this species. How- 
ever, the removal of any one of the other nine amino acids was followed by 
large nitrogen losses. Thus, the amino acids essential for the maintenance 
of nitrogen balance in the adult dog are valine, leucine, isoleucine, pheny]- 
alanine, histidine, lysine, tryptophane, methionine and threonine. 

In Man. Rose and his associates have fed mixtures of purified amino 
acids to healthy young men on diets otherwise almost devoid of nitrogen. 
By measuring nitrogen balances, it was established that the amino acids 
dispensable for the rat are also dispensable for the adult human.®® More- 
over, as in the dog, arginine is not needed.® Nitrogen losses resulted from 
the removal of valine, methionine,** threonine, leucine, isoleucine, phenyl- 
alanine,® tryptophane and lysine.®* Entirely unexpected, however, is the 
result obtained by the removal of histidine; *® this compound is completely 
dispensable in man. The amino acids required to maintain nitrogen bal- 
ance are eight: threonine, valine, leucine, isoleucine, phenylalanine, lysine, 
tryptophane, and methionine. 

Holt and co-workers,‘* feeding human subjects acid-hydrolyzed casein, 
which is deficient in tryptophane, find that tryptophane is an essential 
human dietary component, since nitrogen balance is brought about only 
by its addition to this ration. Deamination of a whole protein with nitrous 
acid is reported to destroy lysine specifically,*! and Holt states that casein 
so treated and subsequently acid-hydrolyzed is unable to maintain nitrogen 
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balance in his adult human subjects when tryptophane is added.‘ Since he 
can keep his subjects from losing excess nitrogen by the addition of lysine 
to this mixture, he concluded that lysine is essential for the human organ- 
ism. On the lysine-deficient ration, there was an increased urinary output 
of organic acids, and some of the subjects are said to have experienced 
nausea, dizziness, and hypersensitivity to metallic sounds.’ He indicates 
that a diet deficient in arginine does not cause a negative nitrogen balance, 
but the spermatozoa are reduced in number to about one-tenth. He sug- 
gests that since sperm cells are high in arginine, an arginine-deficiency leads 
to atrophy of spermatogenic tissue.4® This group of workers finds that 
methionine must be present in the diet in order to maintain nitrogen equi- 
librium. On a cystine-low ration two of their subjects were in negative 
nitrogen balance and they state that while the evidence is somewhat sug- 
gestive that cysfine is a human dietary essential, confirmatory data from 
further experiments are required.* Rose and co-workers, as stated above, 
find cystine to be dispensable to the human organism. 

Quantitation. After determination of the essential amino acids, it was 
of interest to ascertain the quantitative requirements. These amounts 
were established for rats by feeding them diets in which the percentage 
of one amino acid was increased until further increment gave no additional 
rise in the growth rate. The values thus obtained are shown below.® 


Minimum Amount of Each Essential Amino Acid Necessary to 
Support Normal Growth When the Non-Essentials Are Included in the Food * 


Amino Acid Per Cent 
Lysine 1.0 
Tryptophane 0.2 
Histidine 0.4 

P Phenylalanine 0.7 
Leucine 0.8 

Isoleucine 0.5 

Threonine 0.5 

Methionine 0.6 

Valine 0.7 

Arginine 0.2 

5.6 


* Since the table was originally published, values for leucine and threonine have 
been modified to the values given here. 


The quantitative requirements of the human species are under investi- 
gation by Rose and co-workers. 


Functions of Amino Acids 


The most important function of amino acids is the formation of tissue 
protein. It was formerly believed that body proteins were formed during 
the growing stage of the animal, and thereafter the only function of food 
amino acids was in maintaining and repairing tissue. Largely as the result 
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of the work of Schoenheimer and his associates, using molecules labeled 
with N' and deuterium, we now know that there is complete mixing of the 
absorbed amino acids with those already present, and no differentiation is 
made between ‘‘food”’ amino acids and those of body proteins.” 

Amino acids have roles in the plant and animal body other than the 
formation of tissue protein. The use of glycine, glutamine, cysteine, 
ornithine and methionine for detoxication is discussed in Chapter 9. 
Another important function is the production of enzymes. Those which 
have been isolated in crystalline form, such as urease, pepsin, and trypsin, 
have been shown to be protein in nature. Other enzymes, such as War- 
burg’s “‘yellow enzyme,” are known to be composed of two parts, a pros- 
thetic group, in this case riboflavin phosphate, plus a “‘carrier”’ protein. 

Some of the body hormones are proteins. The most definitely charac- 
terized is insulin, which has not only been obtained in crystalline form but 
' whose amino acid content has been carefully determined. (See Chapter 2.) 
Adrenaline is closely related to the amino acids tyrosine and phenylalanine. 
Schuler 7° showed that the kidney can decarboxylate tyrosine to tyramine, 
which in turn is converted into adrenaline in the adrenals.”7 Thyroxine is 
probably formed from tyrosine by way of diiodotyrosine in the thyroid 
gland.19 61 

Other nitrogen-containing compounds of the tissues are the so-called 
extractives, materials which can be removed by certain solvents. Carno- 
sine is a dipeptide of histidine and 6-alanine. Anserine is the dipeptide of 
8-alanine and N-methylhistidine. It has been suggested that the two com- 
pounds are formed by the decarboxylation of aspartylhistidine, but this 
has recently been questioned. The purines and the pyrimidines are con- 
stituents of the nucleic acids which combine with proteins to form nucleo- 
proteins, essential components of all cells. The reactions involved in the 
production of these compounds are still unknown, but Barnes and Schoen- 
heimer '° have shown that they can be synthesized by pigeons and rats 
from ammonia. The origin of creatine, also one of the extractives, was for 
many years the subject of a great controversy. This has been settled in 
recent years by the work of du Vigneaud,* Borsook and Dubnoff,?! and 
Schoenheimer and his associates.!8 The amidine group of arginine reacts 
with glycine to form guanidinoacetic acid, which is methylated by methi- 
onine. 

Some of the body lipids contain nitrogen in the form of amino acids or 
compounds derived from amino acids. For example, choline, a component 
of certain phospholipids, may be synthesized in the body by combining 
methyl groups from methionine * with ethanolamine.” The latter has 
been shown to be derived from glycine 7° or serine.®° Phosphatidylserine, 
as the name implies, contains serine, while one of the components of cepha- 
lin is ethanolamine. The origin of the nitrogen base, sphingosin, a com- 
ponent of sphingomyelin and the cerebrosides, has not been determined. 
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An important role of amino acids which must not be overlooked is the 
formation of antibodies. It has been established that these are specifically 








Courtesy Prof. W. C..Rose and Journal of Biological Chemistry 


Fic. 3. Lower photograph shows a rat on a histidine-deficient diet. Upper rat received 
the same diet together with a histidine supplement. 


modified plasma globulins, and Cannon *’ *° has shown that hypoprotein- 
emic animals form antibodies more slowly than normal ones. The ability 
of the animal to ward off disease by the production of antibodies depends 
on the supply of amino acids for protein synthesis. 


Intravenous Alimentation 


Of the amino acids present in the body, only eight must be furnished to 
man to maintain nitrogen balance.® Not only is it impossible for him to 
synthesize these compounds, but since he is unable to build up a store of 
them, a daily supply must be available. Definite quantities of these amino 
acids are required for ordinary protein replacement, and in all probability 
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larger amounts are necessary during periods of stress in which rapid pro- 
tein metabolism is taking place. Ordinarily, a positive nitrogen balance is 
secured by a daily intake of proteins of high biological value, those con- 
taining sufficient quantities of the essential amino acids. However, occa- 
sions may arise during which an individual is unable to maintain equilib- 
rium because of inability to obtain, retain or absorb the amino acids. 
Under these conditions it becomes important to find a way to make the 
amino acids available. 

The great majority of hypoproteinemic cases which come to the atten- 
tion of the medical profession are complicated by calorie, vitamin and 
mineral deficiencies. In most instances, a better diet will correct the situ- 
ation in a short time. There are, however, certain conditions which arise 
not from a lack of the consumption of adequate food but from some error 
in its utilization. There may be defects in absorption or cases in which 
surgical or accidental destruction prevents the use of the gut. Allergic 
reactions may also be so severe that it is impossible to feed the individual 
adequately. In such instances some alternative route of giving nourish- 
ment must be found. 

For many years the calorie requirements have been partially met by the 
intravenous injection of glucose solutions. This has now become a common 
clinical practice. Unfortunately, while the demand on the stores of the 
body for compounds to be burned for energy may thus be lessened, the 
catabolism of body proteins continues with no possibility of replacement. 
The intravenous administration of blood plasma or of whole blood may be 
of some value in such conditions. While there are reports 2%: 3% 3 86 that 
purified albumins of one species can be injected into other species without 
causing the development of allergic reactions, most biologically effective 
proteins appear to be antigenic. However, the nitrogen for metabolic 
functions can be supplied as amino acids, which are normal constituents of 
the blood stream. 

Since intravenous alimentation is a technique requiring highly trained 
attendants, great care must be exercised in its administration. However, 
in cases of allergy, where the trouble lies not in absorption but in reaction 
to the protein itself, some other proteins to which the animal is not allergic 
or amino acids can be fed. Also in instances where the difficulty is in 
digestion of the protein, oral administration of amino acids which are 
directly absorbed without further alteration should be effective. Intrave- 
nous administration of amino acids is particularly important when absorp- 
tion from the intestinal tract is blocked. 

Within the past five years a number of investigators have studied the 
metabolism of amino acids in man. In Chapter 9 many of the reactions 
which they undergo are outlined. However, the physician has not been so 
much interested in the specific chemical reactions as he has been in the 
overall effect of the administration on the body. 
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After Rose and Rice ” had determined the qualitative and approximate 
quantitative requirements of the adult dog, Rose, Lambert and Kade 7 
set out to compare the metabolism of mixtures of purified amino acids fed 
or injected intravenously. It soon became apparent that the same nine 
amino acids which maintain a dog in nitrogen balance orally will do so 
when injected. Since the animal has received no nitrogen by mouth and 
therefore has little available, it seems reasonable to assume that the intes- 
tinal tract is not synthesizing the remaining amino acids. Also, it was con- 
clusively shown that a dog can be maintained in nitrogen equilibrium by 
injection of either a mixture of the nine essential amino acids or a more 
complex mixture of nineteen amino acids (containing, of course, the nine 
essential ones). Such data prove that the animal is capable of very rapid 
synthesis of the non-essential amino acids. Even though the dogs received 
their amino acids over an extremely short period of time, only a small pro- 
portion was excreted as such in the urine, again showing that the normal 
animal has a great capacity for utilization of these compounds.* 

These experiments with purified amino acids prove that the nitrogen 
requirements of an animal can be met by the amino acids themselves. The 
fact that an animal needs no protein as such has been established. Further- 
more, it has been shown that of the amino acids known to occur in protein, 
only a very few cannot be synthesized by the animal. 

Mention has been made of the quantitative requirements of the animal 
for the essential amino acids. When all these are known for man, it should 
be possible to devise a mixture which will maintain balance at very low 
nitrogen intakes. For clinical purposes, the hydrolyzate of a complete pro- 
tein will act no differently from a solution of purified amino acids. The 
preparation is difficult to effect because an acid hydrolysis destroys trypto- 
phane, and alkaline hydrolysis racemizes most of the amino acids. Enzy- 
matic hydrolysis does not give complete breakdown of the proteins to 
amino acids and many polypeptides remain. Whether such long chains are 
utilized by the body is at present unknown: at least one investigator °° feels 
that they can be directly incorporated into proteins. Moreover, they may 
be broken down into their components in the body and the resulting amino 
acids used. Nitrogen retention has been observed on intravenous adminis- 
tration of such hydrolyzates. However, the experiments have been of short 
duration, so that it is not known whether the mixture is being utilized or 
merely retained. 

Elman * and Farr,*® injecting either acid or enzyme hydrolyzates, found 
that there is little excretion of amino acids as such. The blood amino acids 
never rise greatly and always return to normal shortly after the end of the 
injection. The excretion of urea is higher than in protein starvation, indi- 
cating some catabolism of the administered compounds. Further informa- 
tion on the role of injected amino acids has been obtained by numerous 

* These data will be published in full in the near future. 
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investigators! 26 55 37 who studied the regeneration of plasma proteins. 
Administering either hydrolyzates or mixtures of pure amino acids, they 
found that hypoproteinemic dogs will show not only large positive nitrogen 
balances but also increases in plasma proteins. These proteins are not 
produced at a rate sufficient to relieve “shock,” but as Elman finds,*° 
the administration will spare plasma proteins which otherwise would be 
used for the replacement of more essential tissues. 

It should be noted that all the essential amino acids must be furnished 
simultaneously to obtain nitrogen retention. Berg and Rose % found that 
growth in rats on a tryptophane-free basal ration was better if the trypto- 
phane was given at frequent intervals; Elman *“ observed that an acid 
hydrolyzate given by vein to dogs showed nitrogen balance only if tryp- 
tophane is added to the hydrolyzate. If the tryptophane administration is 
delayed by hours, a negative balance results. 

There are several reports of the use of amino acids therapy in poorly 
healing wounds, ulcers and burns.® Naturally, when the nitrogen intake is 
low, the administration of a mixture of amino acids containing all the 
essential ones should improve the opportunity for protein synthesis and 
healing. It is difficult to understand the results, however, in patients 
already receiving and supposedly utilizing large quantities of protein. 

Farr **: 4° reports that children with the nephrotic syndrome have a low 
blood plasma amino acid concentration, and that nephrotic crises are 
accompanied by a sudden fall in plasma amino acids. He finds that the 
intravenous administration of a casein hydrolyzate to these children 
improves their ability to assimilate a high-protein diet and gives increased 
efficiency of utilization. 

Thus it appears that intravenous alimentation of amino acids is entirely 
feasible. It has been shown that nitrogen balance can be obtained by this 
procedure and that plasma protein regeneration can be greatly accelerated. 
There are indications that other protein synthesis by the body can be aided. 
This is to be expected since amino acids reaching the blood stream are 
utilized in the same manner no matter what the source, provided that those 
necessary for the metabolic function of the particular cell are present. 
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Glycoproteins, 54 

mucopolysaccharides, 54 

types, 54 

specificity, 54 

Greenberg’s method, 146 


H 


Haptens, definition, 152 
Hemocyanins, 57, 58 
Hemoglobin, 51, 55 
iron content, 55 
molecular weight, 55, 81 
of muscle, 56 
resonating forms, 55 
Methemoglobin, 56, 81 
isoelectric, 56 
preparation, 56 
Hexone bases, 205 
Hippuric acid, 130, 164, 167 
Histamine, 167, 207 
formula, 176 
Histidine, 28 
amounts of, 67 
crystals, 28 
determination, 135 
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Histidine — Continued 
discovery, 28 
formula, 28 
isolation, 28, 112 
metabolism, 205, 206, 207 
in nutrition, 223, 231 
occurrence, 28 
in pregnancy, 130, 207 
synthesis, 108 
Histones, 50 
properties, 50 
Homocysteine, 202 
in detoxication, 170 
Homogentisic acid, 19, 210 
Hopkins Cole reagent, 137 
Hormones, 63 
adrenocorticotropic, 63 
amino acids, 63 
follicle-stimulating, 63 
growth, 63 
lactogenic, 63 
luteinizing, 63 
of pituitary, 63 
properties, 63 
thyreotropic, 63 
Humin, 87 
Hydantoin, 97 
a-aminoisobutyric acid, 98 
Hydrazoic acid, 104 
Hydrophilic, definition, 81 
Hydrophobic, definition, 81 
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crystals, 27 
determination, 136 
discovery, 27 
formula, 27 
isolation, 27 
occurrence, 27, 28 
synthesis, 28 
Todothyreoglobulin, 33 
Iodothyrin, 33 
Ion-exchange resins, 111 
Ionic strength, 47 
Isoleucine, 31 
amounts of, 67 
crystals, 31 
discovery, 32 
formula, 31 
isolation, 32 
metabolism, 203 
in nutrition, 224 
occurrence, 31 
synthesis, 96 
Isotropic, 48 
K 


Kagan method, 144 
Kapeller-Adler method, 136 
Keratins, 50 
solubility, 50 
a-Keto acids, 100 
in metabolism, 182, 183 
oximes, 100 


Kjeldahl Nitrogen method, 143 
Kossel’s Silver Salt method, 110 
Krebs-Henseleit Cycle, 169 
Kynurenic acid in metabolism, 208 


6-Hydroxyglutamic acid, 35 
Hydroxylysine, 138, 199 
Hydroxyproline, 73, 32 


amounts of, 67 

crystals, 32 

discovery, 32 

isolation, 32 

metabolism, 208, 210 

in nutrition, 225 

occurrence, 32 

synthesis, 106 
Hyperproteinemia, 141, 232 
Hypersensitivity, 153 
Hypoproteinemia, 141, 222 


I 
Imidazolealdehyde, 99 
Indican, 209 
Indole, 209 


B-Indolealdehyde synthesis, 99 
Inorganic acid salts complex, 111 


Insulin, 62, 192, 230 
amino acid content, 62 
effect on amino acids, 129 
molecular weight, 63 
isoelectric point, 63 


Intravenous alimentation in man, 231 


Iodogorgoic acid, 27 


L 

Lactalbumin, 46 

beta-lactalbumin, 47 

composition, 47 
molecular weight, 47 

Lactobacillus Arabinosus, 134 
Lactobacillus Casei, 134 
Law of Mass Action, 86 
Lecithin, 61 
Lecithinoproteins, 61 
Leuch’s synthesis, 106 
Leucine, 15 

amounts of, 67 

crystals, 15 

discovery, 15 

formula, 15 

isolation, 15 

isotopic, 193 

metabolism, 203 

in nutrition, 224 

occurrence, 15 

synthesis, 96, 101 
Leucokeratin, 60 
Lipoproteins, 61 


SUBJECT INDEX 


Lipotropic substances, 202, 203 

Lysine, 25, 135 
amounts of, 67 
crystals, 25 
determination, 135 
discovery, 25 
formula, 25 
isolation, 25, 112 
isotopic, 193 
metabolism, 205, 206 
in nutrition, 223 
occurrence, 25 
synthesis, 105, 106 

Lysis, 156 


M 


Malnutrition, 221 
incidence of, 221 
Marvel and Stoddard synthesis, 107 


McCarthy and Sullivan’s synthesis, 137 


Melanin, 87 
Melanokeratin, 60 
Mercapturic acid, 172 
formation, 172 
Metalloproteins, 60 
Methionine, 35 
amounts of, 67 
crystals, 35 
demethylation, 202 
determination, 137 
in detoxication, 166 
discovery, 36 
formula, 35 
isolation, 36 
isotopic, 202 
metabolism, 200, 202 
in nutrition, 224 
occurrence, 35 
synthesis, 101, 102 
Millon’s Reagent, 137 
Moore and Van Slyke’s method, 144 
Muscle rigor, 48 
Myosin (see Globulin), 47 


N 


B-Naphthaquinone sulfonate, 116 
Neurospora crassa, 134 

Nicolet and Shinn’s method, 138 
Nicotinic acid, 166 

Ninhydrin apparatus, 122 


Ninhydrin-Carbon Dioxide reaction, 120 


Ninhydrin method, 121, 123 
Micro method, 124 
Nitrogen cycle, 43, 221 
Nitrogen equilibrium, 217 
protein in, 217 
restoration, 217 
Nitrogen-fixing bacteria, 43 
Norleucine, metabolism, 203 


Nucleoproteins, 53 
filtrable viruses, 53 
nucleic acid, 53 
tobacco mosaic virus, 53 

amino acids, 54 
molecular weight, 53 
Nutritive index, 219 


Oo 


Okuda’s method, 137 ; 
Oligophrenia Phenylpyruvica, 212, 214 
Ornithine, 168, 206 

cycle, 186 


Papain, 90 
Parathormone, 63 
Pepsin, 90 
Peptidase, 90 
Peptides, 90 
Peptones, 90 
Phenylalanine, 24 

amounts of, 67 

crystals, 24 

determination, 136 

discovery, 24 

formula, 24 

isolation, 24 

isotopic, 224 

metabolism, 210, 224 

in nutrition, 224 

occurrence, 24, 67 

preparation from a-keto acids, 100 

synthesis, 96, 99 
Phenylhydrazone of a-keto acids, 101 
Phlorizinized animals, 188 
Phosphatidylserine, 230 
Phosphomolybdie acid, 111 
Phosphoproteins, 54 

in casein, 55 

in egg yolk, 55 

in milk, 55 
Phosphoserine, constitution, 199 
Phosphotungstie acid, 111 
Photoelasticity, 48 
Phthaliminomalonic ester, 101 
Picric acid, 111 
Potassium phthalimide, 101 
Potassium trioxalatochromiate, 111 
Prolamins, 49 

in gliadin, 49 

in hordein, 49 

in maize, 49 
Proline, 29, 73 

amounts of, 67 

crystals, 29 

discovery, 29 

formula, 29 

isolation, 29 


249 


250 SUBJECT INDEX 


Proline — Continued viscosity, 76 
isotopic, 209 x-ray diffraction, 76 
metabolism, 209 molecular structure, 81 
in nutrition, 225 molecular weights (Table), 75 
occurrence, 29 nature, 41 
relation of glutamic acid, 30, 209 origin, 41 
synthesis, 105 _ peptide chains, properties, 74 
Prosthetic groups, 75 peptide formation, 74 
definition, 75 peptide linkage, 74 
occurrence, 75 plant proteins, 42 
role of, 75 synthesis mechanism, 43 
Protamines, 50 plasma proteins, 139, 140 
action of enzymes on, 50 purity of, criteria, 64 
amino acids of, 50 requirements, 222 
clupeine, 50 serum proteins, 46, 78, 142, 143, 146 
reaction with proteins, 50 simple proteins, 46 
salmine, 50 spread monolayers film, 79 
Proteoses, 62, 90 compressibility of, 80 
Protein digests, 181 storage, 41, 194, 221 
Proteinase, 90 structure, 73, 74 
Proteins, 41, 73 vegetable, 48 
acid amide linkage, 65, 87 water-solubility, 75 
acidic, 65 zwitterions, 66 
amino acid content, 45, 64, 67 Pseudoglobulins I and II, 146 
amino acid linkage in, 45 Ptomaine poisoning, 207 
base-combining capacity, 71 Putrefaction, 182 
basic, 65 Putresine, 207 
blood proteins, 141 Pyruvie acid, 198 
carbohydrate formation from, 188 
classification, 45 R 
complexity, 44 Ratio of a-Amino-N to total -N, 87 
denaturation, 76, 77, 79 Refractivity method, 143 
density of, 75 Reinecke salt, 111 
determination, 145, 147 Reticulo-endothelial system, 155 
dipolar ions, 66 Rhodokeratin, 60 
hydrolysis of, 23, 24, 84, 85 Rittenberg and Foster method, 133 
bimolecular reaction, 86 
completion of, 86 . Ss 
concentration of acids, 85 Sahyun’s method, 116, 117, 118 
concentration of proteins, 86 Sakaguchi’s reaction, 135 
effect of pressure, 86 Schmidt reaction, 104 
effect of temperature, 86 Schryver’s Carbamate method, 110 
fractionation of digests, 108 Scleroproteins, 49 
racemization, 89 Selective adsorption methods, 110 
rate of, 86 Serine, 22 
by acids, 88 amounts of, 67 
hydrochloric, 84, 85, 88 crystals, 22 
sulfuric, 84, 88 determination, 138 
by alkali, 84, 89 in detoxication, 170 
barium hydroxide, 88, 89 discovery, 22 
by enzymes, 89, 91 formula, 22 
ereptic, 92 isolation, 23, 112 
optimum pH, 91 isotopic, 199 
table, 92 metabolism, 199, 200 
tryptic, 91 in nutrition, 225 
ionization, 66 occurrence, 22 
isoelectric point, 69 synthesis, 96 
molecular shapes, 76 Signaigo and Adkins synthesis, 105 


diffusion, 76 Skatole, 209 
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Snyder’s synthesis, 100 synthesis, 99, 103 
Sérenson method, 125 Tyramine, 20, 175 
Specific dynamic action, formula, 20 
of amino acids, 187 relation to tyrosine, 20 
of proteins, 187 Tyrosine, 18 
Specific gravity method for proteins, 144 amounts of, 67 
Sphingomyelin, 61 crystals, 18 
Stokes Equation, 144 determination, 136 
Strecker Synthesis, 96 discovery, 18 
Sulfate, ethereal, 173 equivalent of protein (Table), 148 
conjugation, 173 formula, 18 
Sulfate, inorganic, 173 isolation, 18, 112 
conjugation, 173 metabolism, 210 
Sulfonic acids, aromatic, 111 in nutrition, 224 
Sulfur amino acids and detoxication, 202 occurrence, 18 
Sullivan’s method, 137 synthesis, 99 
T Tyrosinosis, 224 
Taurine in detoxication, 170 U 
Threonine, 36 Urea, 82 f 
amounts of, 67 dielectric constants of proteins in, 82 
configuration, 224 effect on proteins, 82 
crystals, 36 formation, 185, 198 
detérmination, 138 on peptide chains, 82 
discovery, 37 synthesis in vivo, 185 
formula, 36 mechanism, 186 
isolation, 37 Uric acid, 167 
metabolism, 200 formation in birds, 185 
in nutrition, 224 Urocanic acid, 207 
occurrence, 36, 67 Urticaria, 153 


relation to d-threose, 224 





synthesis, 96 ve 
Thyroglobulin, 62 Valine, 21 
composition, 62 acetone bodies from, 203 
Thyroxine, 33, 192 ’ amounts of, 67 
_ erystals, 33 crystals, 21 
determination, 136 discovery, 21 
discovery, 33 formula, 21 
formula, 33, 175 isolation, 21 
isolation, 33 metabolism, 203 
metabolism, 192, 211, 230 in nutrition, 226, 227 
occurrence, 33 occurrence, 21 
origin of, 175 synthesis, 96, 101 
synthesis, 99 Van Slyke’s Nitrous Acid method, 118, 
Tiselius’ electrophoresis apparatus, 140 119 
Transamination, 204 Vegetable proteins, 48 
in vivo, 183 edestin, 48 
Trypsin, 90 Vickery’s method, 135 
Tryptophane, 30 Visual purple, 60 
amounts of, 67 Visual yellow, 60 
crystals, 30 
determination, 136 a4 
discovery, 31 Yellow enzyme (see Coenzyme), 51 
formula, 30 
isolation, 31, 112 Zz 
metabolism, 208 
in nutrition, 223, 225, 229 Zein, 49, 67, 223 


occurrence, 30 Zinc protamine insulinate, 61 
, 








~ 
NZ, 


4 ae, 
S20 any SORE. 


te 

















Rifle? 
Sone 


nn 
UL 


1 
68 


Outline of the a., 





























Shy ie 4 ee i a 


4 ‘ eet ae 


NEO ee 
VG ai. ie ‘ . i x 


ata 


a 


¥< be 


» Pt cot 
ne 
re ay 


» — 





Beane d 


bh 


Wy Gd 
WY 





trey Ea 


